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FOREWORD

This report describes the nature and resuits of a research investigation
into the reiationship among strength, fatigue, residuai strength, and
stiffness properties of several tensiie loaded graphite/epoxy composite
iaminates. The investigation was conducted by two companies of the Lockheed
Corporation between September 30, 1980 and Juiy 15, 1983 in fuifililment of
National Aeronautics and Space Administration Contract NAS1-16406. Because
of the breadth of the investigation, experimental and anaiytical resuits
from other studies supported by the Lockheed Corporation are inciuded in
this report. These studies were conducted independent of this program, but
their resuits or experimentally generated data were of significant
importance to the overall understanding deveioped on the NASA sponsored
program. While a joint analytical effort took piace, experimentai work was
performed by the lLockheed-California Company at the Keliy Johnson Research
and Deveiopment Center at Rye Canyon while computer aided, mathematicali
modeling was done by the Lockheed Missiles and Space Company at the Palio
Aito Research Laboratory. The work was sponsored by the NASA lLangiey
Research Center, Hampton, Virginia, under the constructive management and
leadership of Dr. T. K. 0'Brien. The contract effort which has led to the
resuits in this report was financially supported by the Structures
Laboratory, USARTL (AVRADCOM).

The program was performed by the Fatigue and Fracture Mechanics Laboratory
of the Lockheed-Caiifornia Company and by the Applied Mechanics Laboratory
of the Lockheed Missiles and Space Company. Throughout the program, the
Lockheed engineering project ieader was Dr. J.T. Ryder who was aiso directiy
responsibie for the experimental effort. Dr. F.W. Crossman of the Lockheed
hissiles and Space Company was responsibie for the computer aided mathe-

matical modeling. Deveiopment of insights gained during the program and
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many of the technical decisions as to program direction were very much the
result of a cooperative effort among Dr.s Ryder, Crossman, and O'Brien. The
help of Dr. O'Brien in many phases of the program is therefore gratefully
acknowledged.

The authors of this report warmly acknowledge the major contributions of
several individuais. Mr. P. M. Steinert faithfuliy performed the computer
aided/mathematical modeling while spending many iong hours at the computer
terminal. Mr. J. R. Zumstag was instrumental in developing much of the
computer software capability used in the investigation. To Mr. C. J. Looper
and Mr. D. R. Diggs goes our deep appreciation for skiifully conducting the
majority of the experimentali work. Ms. A. Denny was also called upon to
conduct some of the experimental work which she did in an excellent manner.
Mr. P. L. Mohr heiped greatly by collecting and collating a significant
portion of the extensive amount of data into a useful format. The many
technical discussions with Ms. K. N. Lauraitis were extremeliy heipfui. In
fact, without them the ideas and concepts presented wouid not have developed
neariy as well; thus her contribution was much larger than cleariy shown in
this report. The authors are pieased to extend their appreciation to Ms. D.
M. Riiey for her sustained typing and manuscript preparation efforts
throughout the many monthiy reports and during the much iarger finai report.
Finally, much appreciation is extended to Mr. E. K. Walker whose eariy
inspiration at Lockheed in the field of composites allowed the eventuali

deveiopment of this manuscript.
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SUMMARY

The purpose of this research investigation was to expiore, in both a
qualitative and quantitative fashion, the reliationship among stiffness,
strength, fatigue life, residuai strength, and extent of damage of
unnotched, graphite/epoxy liaminates subjected to tension joading. The more
compiex cases of notches or compression joading were eliminated not because
of their iack of importance, indeeed in many cases they may be more
important, but because we do not yet understand the mechanics of the so
cailed simpie tension case. Ciarification of the mechanics of the tension
joading case was intended to accompliish several purposes. First, the
vaiuablie resuits and conciusions of many previous investigations coulid
hopefuily be combined in a unified way which wouid expiain the many
apparentiy contradictory observations and hypotheses. Second, the
deveiopment of a relativeiy simpie procedure to anticipate strength, fatigue
life, and stiffnesss changes was desired. Third, the intent was to provide
a solid foundation upon which to extend the work to the more compiex cases

of compression, notches and spectrum fatigue ioading.

An outiine of the investigation and an overaii phiiosophy is given in
Section 1. The experimentai and analiyticai resuits are discussed and
compared in Section 4 with the conciusions and impiications summarized in
Section 5. Section 2 is devoted to a detaiied presentation of the
experimentai resuits while Section 3 is similariy devoted to a presentation
of the anaiyticai and mathematicai modeiing study. A besic understanding of

the program can be gained by reading Sections 1.1, 1.4, 4 and 5.
The dominant damage type of anaiyticai concern during the program was matrix

cracking (both interiamina and intralamina) and O° fiber fracture. Mathema-

tical modeis were deveioped based upon anaiysis of the damage states. A
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mechanistic approach to modeling was selected to represent damage develop-
ment instead of the statistical approach. Because a primary objective was
to investigate whether the nature of macroscopically observed phenomena can
be understood based on knowiedge of the iamina properties, the laminate
construction, and the damage state, a statistically based modeling approach

was not appropriate.

Coupons from several different layups ((0)4, (0/90[145)8, (0/:45)3,
(0/45/02/'45/0)3' (02/904)5) were subjected to monotonic tension load to
failure, constant amplitude tension-tension fatigue ioading, or to monotonic
tension ioad to faiiure after prior fatigue loading. Stress, strain, and
stiffness were recorded throughout each experiment. Plastic cast edge
replication and enhanced x-ray were used to record both inter and intra
iamina matrix cracking. Observed damage states were analiyzed and
matheraticaliy modeled. Estimates of stiffness, strength, strain to
failure, extent of scatter, fracture appearance, and shape of the
stress-life curve based on the modeis were compared to experimentai data for
each of the three types of experiments: initial strength, fatigue, and
residuai strength. Mathematical models were based on laminate anaiysis,

free body type modeling, or upon a strain energy release rate approach
combined with a finite element procedure.

Changes in laminate stiffness were attributed to: transverse, intraiamina
matrix cracking, with and without end delamination; interlamina matrix
cracking, delamination; piy isolation due to combined delamination and
transverse matrix cracking; Oo piy splitting; and 0o fiber fracture. During
development of 0o ply failure criteria, several possibie theories and means
of strain concentration were considered. These were: deterministic
strength theories, statistical fiber bundle theory, linear eliastic fracture
mechanics, transverse matrix cracks, and piy isolation. Three dimensionail
finite element modeling was conducted of several types of deiamination.
This modeling was performed to further examine the stress fieid in the 0O°

PLy as influenced by delamination. The possible differences between strain
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to failure in unidirectional and mulitidirectional laminates was aiso

anaiyzed. This study ied to consideration of the reliationship between

volume and strength of a 0° Piy.

Essentially, stiffness was found to be oniy 100seiy reiated to fatigr. liife
or strength. Strain was found to be the primary measurement of greatest
significance. Stiffness changes were found to be primariiy due to deiamina-
tion, transverse matrix cracking, and iocal piy isoiation (due to combined
delamination and transverse matrix cracking). Ail other possibie contribu-
tions were found t¢ be smail. A simpie analysis based upon a free body type
anaiysis approach was found to account for stiffr-.ss change due to combined
matrix cracking and delamination (piy isolation) wniie matrix cracking,
which was at most less than a 3 percent effect, was determined using simpie

master piots for each piy.

Coupon failure requires fracture of the 0° pries and this was attributed to
essentially three factors: 1) smaii strain increases 1iue to transverse
matrix cracking; 2) iocal strain increases in the Oo pries due to specific
combinations of delamination and transverse matrix cracking resuiting in
iocal piy isoliation, and 3) strains in the Oo piies being high enough that
fatigue failure wouid occur even for a O0 unidirectional laminate. Scatter
in properties was found to be due to: 1) the intrinsic size of the
microstructure reiative to the geometry; 2) the variability in fiber
strength; 3) the requirement »f oniy a few adjacent statisticaliy
significant fiber fractures for generali coupon faiiure; and 4) the magnitude

of locai strain concentration due t5 piy isoliation.

Comparison of three dimensionai to two dimensionai modeling of stress

concentration in a Oo piy due to deiamination between adjacent piies showed

that the more compiex analiysis did not provide any fundamental improvement

in accuracy. Further, damage growth, both direction and rate, were found to
G - i

I’ GII' and I This fact

combined with the necessity cf constantly and drasticaily changing modeis as

be dependent on complex relations among G
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damage grows rendered the use of compiex three dimensional models
questionable. Both two dimensional and three dimensional anaiyses showed
that high peak stress concentration did not develop in 0° plies adjacent to
either delamination or transverse matrix cracks. This resuit indicated that
fracture toughness concepts couid not be used to provide a faiiure criteria
for the OO plies.

By assuming that strain is the primary variabie of importance, accounting
for possiblie stiffness changes by a simpie ruie ¢f mixtures, and by appiying
the derived Oo faiiure criteria, ali of the observed mechanicail properties
for each loading condition and layup couiu be quant’cativeiy and
quaiitatively caicuiated by using liamina properties. Therefore, a simpie
procedure is proposed to calculate strain to failure, stiffness, strength,
data scatter, shape of the stress-iife curve, and stiffness changes for any
iaminate based oniy on lamina properties. The liower bound of the
stress-life curve, “"runout” life, was determined by free body ty,. of
anaiysis. Strain energy release rate analysis is required for determining
the lower bound for the onset of matrix damage (transverse cracking or
delamination), but not for the fatigue life curve. The compliex analiyses
performed in this study were found to be extremeiy useful and worthwhiie for

confirmming and supporting the validity of employing the proposed relatively
simpie procedures.
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SECTION 1
INTRODUCTION

1.1 PROGRAM OBJECTIVE

The purpose of this research investigation was to explore, in both a
qualitative and a quantitative fashion, the relationship among stiffness,
strength, fatigue life, residual strength, and extent of damage of
unnotched, graphite/epoxy laminates subjected to tension 1loading. The
unnotched geometry condition was selected to avoid the complexities
attendent to modeling damage from a hole or notch. Likewise, the program
was restricted to tension load and constsnt amplitude fatigue because of the
inherent mathematical difficulties which occur with the more complex case of
compression dominated or spectrum loading. In short, the simplest case
possible was selected for study. However, this case was selected precisely
because, despite the apparent simplicity, the relationship among such
quantitatively measured properties as stiffness, damage extent, strength,
and fatigue life is not well understood. Thus the more complex cases were
eliminated not because of their lack of importance, indeed in many cases
they may be more important, but because we do not yet understand the

mechanics of the so called simple case.

Clarification of the mechanics of the tension loading case was intended to
accomplish several purposes. First, the valuable results and conclusions of
many previous investigations could hopefully be combined in a unified way
which would explain the many apparently contradictory observations and hypo-
theses. Second, the development of a relatively simple procedure to antici-
pate strength, fatigue life, and stiffness changes was desired. Third, the
intent was to provide a solid foundation upon which to extend the work to

the more complex cases of compression, notches, and spectrum fatigue loading.
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This was not thought to be fully possible without this basis. Finally, the
intent was to aid in the establishment of a basis for succinctly relating

laboratory coupon type data to structural application.

Throughout this research study, primary emphasis was not upon collecting the
necessary experimental data for developing mathematical models to specifi-
cally predict residual strength or fatigue life. Instead empnasis was upon
analysis of observed experimental data, upon developing mathematical models
to represent the assumed pertinent features of a selected laminate and an
experimentally observed damage state, and upon the qualitative and gquanti-
tative comparison of such derived properties as stiffness and strength to
experimentally based data. Comparative agreement for many different cases
was taken as verification that the mechanics of a particular laminate and
damage state was understood. Thus the intent was development and improve-
ment of our technical understanding of the mechanics of laminated compo-
sites. For this reason, much attention was given to the generation of de-
tailed, accurate experimental data, to the detailed analysis of those data,
and to the exploration and development of many different, though related,
models and aspects of both the models themselves and variations in them. In
certain restricted cases, predictive capability may of course be derived
from the models, perhaps rather easily as will be shown in Ceetion 4, but
such concepts as prediction of fatigue life and cumulative damage were not

of basic concern.

Success in developing a definitive understanding of the mechanics of
laminated composites even for this supposedly simple case is believed to be
of value for two reasons. First, confidence would be gained that the basic
mechanics is understood. Second, that basic mechanics would form a solid
foundation under efforts to understand more complex cases thereby avoiding

many unfounded assumptions and undoubtedly much inefficient effort.

1.2 DEVELOPMENT OF A POINT OF VIEW

A specific point of view underlies this program concerning the mechanics of
damage development in graphite/epoxy laminated ~or-posites and thus
2
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influenced subsequent analysis as well as the selection of representative
models and their associated mathematical procedures. This subsection
discusses that point of view while the next subsection addresses

mathematical moedeling.

Furnidamentally the nature of damage, or change in state, for both metals and
composites is the same, namely: the extensional breakage of atomic bonds.
The small molecular dimensions of most materials formed of metallic elements
allows them to be considered homogeneous, continuous and isotropic at small
dimensions {generally at any dimension greater than ! or 2 mm). These small
dimensions plus the nature of the interatomic bonds allows metallic
materials to exhibit the macroscopic phenomenon termed plasticity. Thus,
state change {damage) manifests principally as the processes termed slip,
twinning, cleavage, and microcracking. These microscopic processes are the
most important ones of concern for most macroscopic studies. In some cases,

they result in macroscopic size flaws which dominate the microscopic damage.

The macroscopic expressions of damage exhibited by laminated composite
materials are not normally encountered in similar studies of metals except
in the case of bonded bimetallics. Although laminated composites are made
up of 2t least two material phases of juite different properties, this is
nct unigque since the same fact is usually true for metallic materials. The
unusualness of composite materials lies in the fact that their method of
formation results in a state where conditions of homogenity, continuity, and
isotropy occur only at large macroscopic levels (at least on the scale of
cms if not meters). In fact, for most practical applications of laminated
composites, such a state is not actually ever reached in a direction perpen-
dicular to the plies. Therefore, the dominant manifested form of camage
which needs to be considered for qualitative understanding of most compo-
sites, up to the onset of 0° fiber breakage, is matrix cracking (inter and
intra lamina) as influenced by the anisotropic nature of the material. Thus

in order to understand the mechanics of the change in state damcge process,
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the nature of matrix cracking and delamination must be of primary interest.
This understanding needs to be combined, for certain applications, with a

detailed formulation of fracture in the primary load carrying plies.

The fact that the microstructure of laminated composites always directly
enters into consideration of macroscopic phenomenon is a point requiring
further discussion. The large scale microstructure essentially insures, for
example, that scatter in fatigue life of unnotched coupons will always be
relatively large compared to that usually encountered for metals. The
scatter in fatigue life of metalliic coupons is also Iagga when the micro-
structure and not surface finish dominates fatigue life“1i. This happens,
for instance, when the coupon surfaces are carefully prepared by special
polishing techniques thereby effectively reducing surface residual stresses
and micronotch induced stress concentrations to such an extent that micro-
structural variations predominate. llormal surface preparation, even far ASTN
type standard tests, is not nearly so careful, therefore, surface prepara-
tion dominates fatigue life, pot gicrostructure. For normally recommended
surface preparation procedureslz’Bj, resultant fatigue life scatter is rela-
tively narrow?d}; rmuch less than the differences induced by microstructure
alone. However, average fatizue life can be much less than for Ehe case

where microstru-ture predominates especially in the long life region- -.

Laminated, un-notched composites coupons are, in essence, usually in the
state of being "carefully polished” coupons in that microstructure predom-
inates. Nost edge defects are unimportant in that statistical wvariations in
the large scale microstructure continue to dominate fatigue life leading to
large scatter and long 1life. Certain types of defects can significantly
reduce fatigue life if they are large relative to the microstructure. Among
these defects are: alignment of prepreg tape edges in plies of the same

orientation through the thicknessLSJ, large groups of misaligned 1load

r
carrying fibers within a plyLé]; and rows of dimples distorting the load

carrying plies, such as happened to some of the (0[145)8 coupons of this



study, see Section 2.3. The primary point is that relatively large fatigue
life scatter is inherent to graphite/epoxy laminated composites because of

the microstructure. This point will be discussed much further in Section 4.

The significant microstructural influence for laminated composites not only
manifests in large fatigue life scatter, but also in the very nature of the
stress-life curve representation. Stress-life curves for metals are similar
regardless of whether the data are for notched or unnotched coupons. The
actual fatigue life differs numerically, but not the general response to
load, hence the curves look similar but shifted. For laminated composites,
however, the stress-life curve for, as an example, tension-tension fatigue
loading of notched coupons 1looks significantly different than that for
unno tched coupons[7]. In addition, bonding a thin strip of glass/epoxy
along the free edge results not only in greatly increased life, but also in
reduction or even elimination of delamination BJ. Even the type of fatigue
loading, for example a stress range ratio of -1.0 versus -0.3, totally
changes the direction and type of damage growth and thus the resultant shape
of the stress-life curveL9 « All of these changes are due to the much more
significant influence, relative toc metals, of geometry and loading on the
resultant behavior of laminated composites which is in turn due to the large
scale microstructure, see Reference 1 for an in-depth discussion. Thus the

significant effect of microstructure of laminated composites on both fatigue

life scatter and the nature of the relationship between stress and fetigue

life must always be kept in mind.

Based upon the above discussion, a comprehensive analysis of how matrix
crack formation and growth (inter and intra lamina) are influenced by load
application is required. A mathematical representation of the process will
result in a quantitative description, the accuracy of which is dependent
upon the previous analysis, the practical difficulties of obtaining
appropriate experimentally based input data, and the human labor required
for achieving a desired 1level of accuracy. Having concluded that for

laminated composites, damage in the form of crack development and extension,
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whether inter or intralamina, is the dominant one of interest, qualitative
analysis of what influences crack formation, location, and growth 1is

believed to result eventually in an understanding of macroscopic phenomena.

Consider, as an example, the case of an unnotched multidirectional laminated
composite subjected to steadily increasing tension load. The experimentally
observed location of crack formation (intralamina matrix cracks, interlamina

delamination) and their saturation numbers in transverse plies can be appro-

10,11

ximated by mathematical analysis.- An energy approach to this pretblen

appears to be the most fruitful since an energy concept allows for

T11,12]

volumetric effects. This was confirmed by Wang and Crossman.: Crack

ol

formation and extension is, of course, caused by the load (energy) increase.
Final fracture is due to localized transfer of load into the C° plies,
localized fracture of 0° fibers which in turn influence the breakage of the
0° plies, and further crack extension followed by coupon fracture at a

region where a critical number of such fiber breakages interact.

Fer the case of constant amplitude tension-tension fatigue, crac«s are
formed on the first load cycle, if high enough, because of the increasing
load, as in static tension. Each additional input of energy (cycle) extends
the cracks (damage), however minutely, or increases their number. Crack
extension occurs either due to a statle rate of breakage and partial
reformation of atomi: bonds near the peak load or to treakage and complete
or partial reformation of atomic bonds during each energy (load) input cycle
in such a manner that the original state is changed slightly on each cycie.
Final fracture occurs for similar reasons as in the static tension case,
namely: transfer of 1load to OO plies, fracture of Co fibers at various
locations, and final coupon fracture in a region where the 0° fiter
breakages sufficiently interact. Similar to the static tension case, the

location, type, and number of, at l?ast, ipitial cracks can be approximated
t10-12 |

by an appropriate laminate analysis.
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Although final fracture state under either monotonic (static) tension
loading or tension-tension fatigue loading is deterministically related to
the initial state of the coupon, the final damage state prior to fracture is
path dependent, i.e., dependent upon the type of prior loading. The
significant point, of course, is that a developing damage state is always
peculiar to or characteristic of a particular laminate. At some point of
damage development, a specific state may, however, manifest in some lapin-
ates regardless of whether loading is monotonic or fatigue cycling.'L1OJ
However, other layups do not appear to reach such a state prior to coupon

[12]

fracture. For those laminates which do reach a specific, often termed

[10

dent up to that point. However, for such laminates subsequent damage

characteristic state » damage development can be said to be path indepen-

development is load path dependent, as it always is for all other laminates,
because both delamination and extent of matrix crecking under fatigue load-
ing prior to fracture can be significantly greater thﬁp_ﬁnd much different
than that which occurs under monotonic tension loading.”-! Thus, the trans-
fer of load into the 0° plies will be different for the two loading types
resulting in a path dependent state. This property? as $he results of this
program wiil clearly show, and prior work indicatedL7’13J, manifests in the
significant difference between strain to failure which occurs under fatigue

loading and that which occurs under residual strength loading.

Other aspects of laminated composites requiring analysis are the problems of
representing fatigue-life scatter and the nature of the stress-life curve
which reflects the interaction of the microstructure, geometry and loading.
Representation of fatigue life scatter is undoubtedly theoretically poss-
ible, but would require collection of extremely detailed experimental data
beyond the scope of any normal necessity. Thus the problem appears to be
more one of understanding and bounding the scatter, not modeling. In any
case, the extent of scatter is dependent on the part geometry and loading
[7’9] and thus is problem specific. The question of reviewing and modeling
damage state development as influenced by geometry and loading was consider-
ed to be one of future concern since the basic mechanics have to be under-

stood first.




A descriptive analysis similar to that just given for tension loading could
be done for compression loading and for tension-compression or compression-
compression fatigue. Although, damage state development is significantly
different, the principles remain unchanged. Therefore, a point of view as
to the nature of damage initiation and growth for laminated composites was

formulated as follows:

o} The dominant damage type of analytical concern is mairix
cracking.

o Matrix cracking can be intralamina or interlamina
(delamination).

o] The damage state is characteristic of tne laminate, loading
direction, and geometry; at any time is deterministizally
related to the initial state, and is, in general, path
dependent (although specific cases of path independency exist
up to some state).

o} Microstructure always has a dominating influence on observed
mechanical properties such as in fatigue life scatter and tne
stress-life curve.

This point of view implies several inferences, among which are:
o] The laminate stacking sequence determines the inter and intra

laminar normal and shear stresses which, in turn, determine:
location and eventual density of intralamina cracks; and

location and propagation of delaminations. These can be
calculated, at 1least approximately, by known mathematical
procedures.

o] Stiffness is dependent on both layup and damage state.

— o Final fracture must be ascertained by determmining the manner
in which load is transferred to the primary load carrying
plies. For coupons of this program, this required analysis of

- the influence of local delamination on the fracture gf O

fibers and the effect of such fiber fractures on 0O ply

integrity and coupon failure.

o Temperature, width, and notches affect static strength and
fatigue life because they alter matrix properties and stress
states.

e
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o PFatigue life depends on the definition of failure. If defined
as an amount of stiffness change, fatigue life will be much
different than if defined as the number of cycles to a damage
state characteristic of the laminate or as fracture into two
or more pieces.

1.3 MATHEMATICAL MODELING

Analysis of the laminates, damage states and associated properties was
followed by mathematical modeling of the interaction of the separated
elerents. This required selection of a modeling procedure. Two major
approaches to represent damage development in laminated composites have been
historically employed. These may be called statistical and mechanistic
(where the emphasis here is upon the detailed mechanics of the damage
process). In the statistical approach, such macroscopic phenomena as global
stress, number of cycles, time, or tensile strength at any point in time are
tabulated. Relationships among the parameters are sought by considering
them as statistical variables and thus formulating statistical probability
equations which describe observed rates of change. Physical mechanisms are
postulated to explain hypothesized relationships between the variables and
their rate of change. 1In contrast, the mechanistic approach considers the
physical details of both a laminate and an assumed damage state, formulates
mathematical descriptions and, in theory, derives the expected macroscopic
relationships from .the microscopic phenomena. The nature of the two
analytical approaches are thus quite different. One 1leads from the
macroscopic to the microscopic on the basis that the mechanics of damage may
be too complex for direct formulation, and the other from the microscopic to
the macroscopic on the basis that the broad spectrum of often unsuspected

macroscopic relationships can not otherwise be fully understood.

Essentially, all statistical approaches emphasize representing rates of
change in observed mechanical properties, such as residual strength. All
such procedures (see those postulated by the authors of References 14 to 17)
have common elements in that the same four basic assumptions are stated.

First, the diatribution of observed phenomena can be represented by an
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exponential equation {this is usually chosen as & two parameter Weibull
equation). Second, change in strength can be represented by a power law.
Third, fatigue life and macro stress are related by a power law. Fourth,
there is a one-to-one relationship tetween residual strengtn and fatigue
1ife. The last assumption is equivalent 1o gtating that the stress required
to fracture a coupon into two pieces 1is path independent. Different
mathematical exponents have been selected tor the various proposed power
laws depending on the interpretation of tne form of variable relatiogship.
Hahn, has put this statistical pr.cedure on a more rigorous vasis-- ° Yang
and Jones- 17‘ have shown how the various statistical approaches are related.
G

-

Other approaches such as that of Halpin and Wwaddoups- 4 have postulated

damage growth concepts, but in a manner general enough and with the same
—_1

four assumptions that they reduce to a statistical approach .

Statistical approaches for life prediction and strength degradation have the
unfortunate property that they do not easily lead to an understanding of
physical phenomena. They also have the requirement that data be obtained
for each layup under each type of loading and environment. The accuracy of
such approaches 1is dependent upon the correctness of the assumption that

fracture strength is path independent {that a one-to-one rank order rela-
e

tionship exists between strength and fatigue life). Previous studies'L
nave indicated that this key assumption is, at best, only superficially
valid. In fact, the necessary conditions for fracture under fatigue load
appear to be quite different than those for residual strength loading as the
results of a prior investigation ind1catedL7}. Another problem with the
statistical approach is that generalized formulations are difficult to
devise. For instance, most layups increase in static tensile residual
strength due to tension-tension fatigue loading if they centain a notch and

can even increase under tension-compression loading depending on the stress
1

ratio.“7j

r
Mechanistic approaches” 10,11, 12] are based on detailed analysis of the
mechanics of both the laminate and the damage process and thus attempt to

model damage development from jnitiation through growth and up to fracture.

10
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Such approaches, at least idealistically, come close to starting from lamina
properties and lead to stiffness, damage development, and fracture develop-
ment properties. Because a primary objective of this program was to inves-
tigate whether the nature of macroscopically observed phenomena can be
understood based on knowledge of the lamina properties, the laminate
construction, and the damage state, a statistical approach was not selected.
Instead the approach was taken to model observed damage, calculate stiffness
changes, estimate effects on primary load carrying plies, and compare
results to experimentally observed stiffness and strength. The hoped for
result was the development of a capability to, at a minimum, anticipate for
any given layup: both stiffness and strength under monotonic loading as
well as the general matrix cracking and delamination state; the threshold
for onset of delamination growth and/or matrix crack saturation under
fatigue loading thus allowing an estimate of the bounds of the fatigue life

curve; and, lastly, given a known damage state, to estimate residual
strength.

1.4 OUTLINE OF PROGRAM

This research study consisted of: 1) detailed experimentation; 2) analysis
(separation) of the various aspects of the laminates and the observed damage
states and associated mechanical phenomena; 3) modeling of the laminates and
damage states, and; 4) comparison of analytically and mathematically based
conclusions with experimental results. A brief outline of each of those

phases will be described.

1.4.1 Experimental Program

Twenty-five to thirty coupons of each of five different layups were
subjected to experimentation. Those experiments consisted of monotonic
tension load to failure, cunstant amplitude tension-tension fatigue loadirg
to failure or to 106 cycles, and monotonic tension residual strength losding

to failure of coupons previously subjected to fatigue loading. Throughout
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each experiment, stress and strain were recorded and stiffness calculated
(both monotonic and dynamic stiffness for fatigue experiments). During each
experiment, the two NDI techniques, plastic cast edge replication and
enhanced x-ray photography, were used to periodically record both inter and
intra lamina matrix cracking. As previously mentioned, only tension loading
of unnotched coupons was conducted in order to explore a relatively simple,
yet by no means fully understood situation. All fatigue experiments were
conducted under load control in order to allow strain to increase, if

stiffness decreased, and to guarantee eventual coupon fracture.

There were five layups experimentally investigated in this program: f0)4,
(0/90/:45)8, (0[145)3, (0/45/02/-45/0)8, and (02/904)3' The unidirectional
layup was selected to give baseline information on the fracture of O° plies
unaffected by off axis plies. The (O/90/__+__45)3 laminate tends not to
delaminate during monotonic tension loading to fracture, but does during
fatigue loading. Thus the data of this layup, when combined with other
quasi-isotropic layups which tend to delaminate during monotonic loading or
with other layup configurations, provided a data set suitable for analysis
for the entire range of quasi-isotropic laminates. The (O/:AS)S layup
provided information on a laminate influenced only by :ASO plies and one
which would tend not to delaminate under either monotonic or fatigue
loading.  The (0/45/02/—45/0)s layup was selected because of its known
tendency to delaminate under fatigue loading[7], but without associated
stiffness change. Finally, the (02/904)5 layup allowed analysis of the
extreme effect of 90o rFlies only. Thus, these layups were chosen not for
their practical utility, but because the data obtained from them when
combined with other data allowed study of a wide range of possible states
of damage (intraply matrix cracking with and without delamination),
associated stiffness change (with and without macroscale delamination), or
no stiffness change with delaminetion, and effects of off axis plies alone
and in combination. Note, however, that most practical layups are

combinations of these basic simple layups.

12
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1.4.2 Data Analysis

The collected damege, stiffness, and fracture data were analyzed for the
purposes of determining both the details of the damage states and the
associated mechanical phenomena. This analysis entailed, as a first step,
tabulating lists of matrix crack spacing; of extent, shape, and area of
delamination, if any; the recording of unusual or non-regular types of
matrix cracking, such as occurred in some layups; and the recording of
associated monotonic, and for Tatigue loading dynamic, modulus plus the
final fracture data. Because of the scatter in fracture and fatigue life,
pPrecise correlation of the output of a mathematical model for some damage
state with observed stiffness or fracture data was not considered pertinent.
Instead, the goal was to select from the damage state that representation
for modeling purposes which would most affect observed stiffness or fracture
characteristics. Thus the number of matrix cracks, delamination location,
extent and shape were modeled. Even the effect of small delaminations at
the ends of matri:z cracks were considered. However, the complexity of
matrix cracks at angles to the load direction, such as in (O/_+__45)s and
(0/45/02/-45/0)S coupons or more complex subsidiary matrix cracking in
(02/904)S coupons were not corsidered of primary significance and thus were
nct modeled. The citects of these variations were believed to manifest more
in statistical variationrs among coupons than in average strain to failure
values or stiffness. If this assunption proved to be incorrect, much more

extensive modeling would be required than undertaken in this study.

The experimental data obtained in this study were combined with those
available in the literature[12’21] for several other layups, specifically
those for :(:25/9on)s, (;Asn/on/gon)s. (0/45/90/‘45)23’ (0/45/02/‘45/0)23'
(0)8, and (0)16' Thus a set of data for a broad range of layups was avail-
able for detailed analysis. The data for the (0)4, (0)8, and (O)16 layups
were used to investigate fracture criteria of 0° plies unaffected by cross
plies. The data for the other layups were used to attempt to delineate the

mechanics of unnotcheqd, graphite/epoxy laminated coupons subjected to

13
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tension loadivwg. The specific experimental observations vhich we wished to
analyze for these laminates are detailed for each loading type in Figure 1.
If the mechanics of the laminates and load induced state changes are
understood, each of the observations in Ffigure ! should be qualitatively and
quantitattively explainable. ™e success of this effort, to date, 1is

discussed in Jection 4.

1.4.%2 Mathematical Modeling

The analytical objective of deriving quanrtitative relationships between
laminate stiffness, residual strength, fatigue life and damage state imposed
a number of requirements. The nature of these requirements can best be
understood by recalling the general state of damage growth in laminated
composites as described in Section 1.2. The experimental data obtained in
this program, when combined with those available from other investigations,
were sufficient to demonstrate the general applicability of the selected
mcdeling and mathematical approach. As described, the nature of the
load-induced damage under fatigue 1loading and the manner of growth was
recorded and the relationship between this damage and laminate stiffness was
experimentally established. The nature of the relationship between sub-
sequent damage growth and failure and stiffness under residual strength

tensile loading after prior fatigue loading was also established.

Except for the case of a dominant flaw at the laminate scale, the mathe-
matics to quantitatively describe fracture were as yet quite undeveloped due
to the complex state of cracking. Certain procedures were available to give
qualitative and even quantitative predictions of early damage states under

=~ both static and fatiggp loading.L1O’11]

The simplest procedures appeared to
. be energy approaches.i114 Because of the complexities of the mechanistic
approach and the limitations of the statistical approaches previously
mentinned, essentially empirically based crack growth laws have »ften been
fomulated[zzj. These have Veen based upon an assumed damage mode with

assumed growth characteristics believed to be of importance in a particular

14
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LOADING TYPE

Monotonic Tension

Tension-Tension Fatigue

Monotonic Tension-
Residual Strength

EXPERIMENTAL OBSERVATIONS

©Co0000O O 00Co0oO

00 0O

Stiffness

Onset of matrix cracking and saturation
Onset of dalamination

Fracture

Extent of scatter

Onset of matrix cracking and saturation
Onset of delamination

Stiffness changes

Strain at failure

Fracture

Extent of scatter

Stiffness

Damage growth
Fracture

Extent of scatter

Figure 1: FExperimental observations requiring explanation.
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]
-
N
3
@
o

quasi-dominant flaw can be cons as teing the most important damage

mechanism. or many perhars roct’ lsyups and loading -onditions, this
concept was 22rsidered nuch too restrictive and trus was not employed in
this stuly.

In this investiration the ~=yrerirmertal lata were used irn the following
manner. After analysis and selection »¢ assumed pertinernt features, the
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2 failura and near fatirue failure was =znalyz

. . o . . . .
amount and lccatinon of 1oad trunsfer intn the ©° plies. Tre Adistritutinn of

stresses 3ni strains within the 7° plies was calculated and cnmpared to the
strengtn Iats 2f tne unidirectiona’l lzminate. Tne cause 5% fractire with.-

D : - . - C oo
the %7 plies &as critical to the analysis. Without an analytical under-
lv fracture, o'y an enpirical relationship anong stitf-

ress, residual strensth ani fatirue (ife wouldl result. Thus *tne modeling

within the " ply ‘ast trior *o €£ailure because 1 “ai)

o, . ; .

© FaY Was Teguirel Ty delormine ayrented tensile strenotn oani fraust,re,

. ; . .. . - N T
This prodlen 5 delineastine o failure treory for 4re Fii=s w#3s zoncarrned
o

witrn the f=rt tret tre averacss ullure cstress «itnin *tne - rly 2f 4
. . - . . . -2

multiply lamirnate is not riecessariiy egualvalent ty tre gtrensth 2f 3 o

unidirectional lzrinats, tut may te in tne local reesion of fracture. “ne
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duced damage. DSuch a linkup would be followed by rapid growth of a critical

crack whicn parts the specimen. The mathematical basis for such a concept
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has been developed and used for metals. In the regions of high O ply
stress, the concept of a single region of fiber breakage causing fracture

was analyzed as a local dominant flaw Psrause there was evidence that a G5
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mm (0.020 in.) long broken fiber region is sufficient to cause fracture of a
Oo ply.[24’25] These concepts all depend on stress volume and appeared to
be more applicable than local application of Tsai-Hu[26] or Hoffman[27]
maximum stress failure theories. This was supported by the suggestion of
Uu[za] that stress gradient at the tip of a transverse matrix crack may need
to be taken into account. This suggestion and the more general one of a
local strain gradient in a 0° ply due to the presence of combined matrix

[13]

cracking and delamination were investigated for several layups.

Fracture in unidirectional 0° plies has also been analyzed by statistical

[29,30]

bundle theories. These theories do not appear to be directly appli-

cable to fracture of 0° plies in multidirectional layups as Wang has recent-
iy concludod.[m] In such cases, the degree of uniformity of load within
the 0° ply is dependent on the extenmt of transverse cracking and

delamination damage within the laminate.

Because of the lack of a failure theory to anticipate the residual strength
of the laminates, the nature of the stress field in the o° Ply was evaluated
as a function of longitudinal position X, depth Y and height 2. For example,
the depth of delamination was documented since this depth has been found to

be a function of the number of fatigue cycles.[7'32'33

Therefore, an ana-
lysis of the laminate coupona in a given damage state was conducted: 1) X-2Z
analysis of a plane section at the surface free edge thereby modeling
typical observed crack densities and delamination if present; 2) analysis of
an X-Z plane section at the midplane modeling transverse cracks and any
delaminations which cross the specimen; 3) analysis of a Y-Z plane section
using effective properties for cracked 90° and 45° plies and modeling the
depth of observed delaminations.

1.5 REPORT OUTLINE

Section 2 of this report discusses the experimental results while Section 3

gives the results of the analysis and the various modeling procedures. 1In

17
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Section 4, experimental results are compared to the results of the models
and the inferences drawn from that comparison are discussed. A summary
along with conclusions is given in CSection 5. Four appendices give,
respectively, the material and layup background, experimental procedures,

detailed experimental data, and mathematical analysis procedures.
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SECTION 2
EXPERIMENTAL RESULTS

In this section only that information considered pertinent for understanding
the experimental results is presented. Details concerning material
properties, coupon manufacturing, experimental procedures, and tabulated

test results are given in report Appendices A, B, and C.

The experimentation was conducted using un-notched 38.1 mm (1.5 in.) wide,
254 mm (10 in.) long coupons with a 152.4 mm (6 in.) test section. A 101.6
mm (4 in.) extensometer was used to obtain strain measurements in order to
derive average stiffness values relatively unaffected by local stiffness
changes. The 101.6 mm (4 in.) length of the extensometer was defined as the
coupon gage length. Coupons were manufactured from five different laminates
of T300/5208 material. The (0)4 layup provided information on coupons whose
properties were totally dominated by the fibers. A gquasi-isotropic (0/90/-
:45)8 layup was selected as being one which did not tend to delaminate under
monotonic load, but would under fatigue load. The (0[145)8 layup was selec-
ted because the laminate would not tend to delaminate under either monotonic
or fatigue load. The (0/45/02/-45/0)s layup was expected to respond simil-
arly to the (0[145)8 layup, but was expected to tend to delaminate under
fatigue load. Unlike the quasi-isotropic layup, little or no stiffness
change was expected to accompany the delamination in the (0/45/02/-45/0)s
laminate. PFinally, the (02/904)s layup was selected as a limiting case
where the effect of the 90o plies was highly dominant. The data for these
five laminates were combined with the results of several others available in
the technical literature. Of these layups, key ones were: a (+45 /-45n/-
on/saon)s layup investigated by T. K. O°'Brien at NASA/Langley[z »34 ’

(0/45/02/-45/0)28 and a (0/45/90/-45)28 layup investigated at Iockheed[7’-
32], and a (:?S/QOn)s layup also studied at Lockheed[12]. These laminates
provided a full range of configurations covering all of the various possi-

bilities of matrix cracking and delamination tendency.
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For each of the five laminates, the experimental procedures, the number of
coupons, and the type of data collected were similar. At least five coupons
were loaded to failure under monotonic tension load. An additional group
{at least 2 coupons) were cycled to failure under constant amplitude fatigue
loed ‘R = +3.1) at various stress levels. Coupons were loaded to a particu-
lar initial stress or strain, and subsequently cycled to failure under con-
stant ioad thus allowing the strain to increase as stiffness decreased. A
third group of coupons were also load cycled at constant amplitude, R =
+0.1, for either a set number of cycles or until a specific change in
stiffness had occurred. These coupons were subsequently loaded to failure
under monstonic tension load. Except for the (O)4 coupons, the NDI
techniques of edge replication and enhanced x-ray were used to document the
extent of matrix cracking and delamination in these coupon during either

monotonic or fatigue loading.

Coupons for the (0)4, (0/90[:45)3 and (0/1_45)s laminates were supplied by
NASA. Coupons for the other two layups were manufactured by

Lockheed-California Company.

2.1 REJULTS FOR (O)A COUPCNS

Monotonic tension tests of the -’O)4 coupons were difficult to corduct due to
the extreme fragileness of these four ply coupons. A summary of the mono-
tonic tension test results is given ir Table 1. The stress-strain curves
were slightly concave, showing an increasing stiffness, rather typical of u-
nidirectional layups{7’13’32’35] as shown by the difference between the
secant modulus at failure compared to that at 517 MPa (75 ksi). This is due

to the non-Hookeon behavior of the fibers[36’37].

Coupon fracture was
characterized by splintering into many small, short linear pieces. The
original data set obtained in March 1981 showed strain to failure and
strength values of this material to be lower than expected. A check of the
material batch information revealed no obvious reason for the lower than

expected values.
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TABLE la
SUMMARY OF MONOTONIC TENSION
TEST RESULTS FOR (O)4 COUPONS

Secant
Average Failure Failure Modulus
Coupon Arei Stress Strain at Failure,
ID mm MPa GPa

EXPERIMENTS CONDUCTED MARCH 1981 WITH EXTENSOMETER

6-6 22.7 1251 0.0094 134
6-62 21.1 1258 0.0090 141
6-65 20.7 1418 0.0096 147
6-68 21.3 1261 0.0099 141
6-67 21.0 1371 0.0094 134

EXPERIMENTS CONDUCTED MARCH - APRIL 1982 WITH EXTENSOMETER

6—28a 22.2 1502 06.n108 139
6-85 20.6 1247 0.0092 136
6-111 21.0 1538 0.0108 146
6-122 20.8 1586 0.0106 149

EXPERIMENTS CONDUCTED MARCH - APRIL 1982 WITHOUT EXTENSOMETER

6-102 20.8 1409 - -
6-104 21.2 1224 - -
Average 1374 0.0098 141

a = Coupon had noticeable longitudinal crack observed after insertion into

the loading machine.
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Secant
Modulus
at 517 MPa
CPa

128
134
139
134
128

135
127
139
143
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TABLE ®
SUMMARY OF MONOTONIC TENSION
TEST RESULTS FOR (O)u COUPONS

Secant Secant
Average Failure Failure Modul us Modulus At
Coupon Area? Stress, Scrain at Failure, 75 ksi,
ID in ksi Msi Msi

EXPERIMENTS CONDUCTED MARCH 1981 WITH EXTENSOMETER

6-6 0.0352 181.4 0.0094 19.5 18.5
6-62 0.0327 182.4 0.0090 20.4 19.5
6-65 0.0321 205.6 0.0096 21.3 20.1
6-68 0.0330 182.9 0.0090 20.5 19.5
6-67 0.0326 198.9 0.0094 19.5 18.5
EXPERIMENTS CONDUCTED MARCH - APRIL 1982 WITH EXTENSOMETER

6-28 0.0344 217.9 0.0108 20.2 19.6
6-85° 0.0320 180.9 ©.0092 19.7 18.4
6-111 0.0326 229.6 0.0108 21.2 20,2
6-122 0.0323 230.0 0.0106 21.6 20.7

EXPERIMENTS CONDUCTED MARCH - APRIL 1982 WITHOUT EXTENSOMETER

6-102 0.0323 204.4 - - -
6-104 0.0329 177.5 - - -
Averarge 199.,2 n.N098 20.4 10,4

a = Coupon had noticeable longitudinal crack observed after insertion into the
loading nmachine,
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Therefore, further experiments were conducted with much greater care and
with detailed inspection of coupon damage prior to loading. The experimen-
tal results, see Table 1, indicated that perhaps the laminate strain to
failure for the (O)4 laminate was indeed higher than originally estimated,
perhaps 0.0100 to 0.0108, and the strength approximately 1379 to 1586 MPa
(200 to 230 ksi). The lower strength/strain results for most coupons were
initially hypothesized to be due to unobserved damage in the coupons which
occurred during coupon manufacture, end tabbing, and insertion into the
loading frame. However, two subsequent experiments conducted without an
extensometer, to prevent any damage from that source, did not support this
conclusion, see Table 1. As discussed in Section 3, the strain to failure
results may possibly be better understood based on a Weibull statistics
basis.

The fatigue test data obtained for this layup are shown in Table 2. All cou-
pons fractured across the 0° fibers near the center of the test section.
Considerable 0° splitting and some shattering of the coupon usually
occurred. The data show the extremely large scatter typical of a unidirec-
tional layup (see Reference 38). Coupons were not cycled below 1103 MPa
(160 ksi) because lives were exceeding 106 cycles nor above 1172 MPa (170
ksi) because the lives of most coupons were short. For coupon 6-72, dynamic
stiffness was measured at 10, 1 000, 10 000, 100 000, and 250 000 cycles.
The average dynamic stiffness of the five readings was 140.2 GPa (20.34 Msi)
* 0.6 percent. This value was essentially identical to the average secant
modulus value of 140.6 GPa (20.4 Msi) + 0.5 percent obtained on the
monotonic tension tests. Periodic stiffness measurements were also obtained
during other (0)4 coupon fatigue tests. All of the data indicated that the
stiffness did not change during fatigue loading.

The results of the residual strength experiments for this (O)4 layup are
shown in Table 3. muthcwmmvuewuwbwwusonwhwbnn

used to obtain reasonable tension and fatigue data. Extreme care was taken
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- TABLE 2
= SUMMARY OF CONSTANT AMPLITUDE
FATIGUE EXPERIMENTS FOR (0)u COUPONS
R = «0.1, F = 10 Hz
Cycles
Stress Level, Coupon to Failure,
MPa ksi ID Nf
1103 160 6-4 599 285
6-25 3p 000
6-17 10, NF2@
6-50 10° KF3
6-115 352 460
1172 179 6-72 350 820
6-81 1 610
6-91 2 550
6-112 360
6-120 2 001

a = NF, no failure
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Coupon
ID

6-112
6-17°

6-50°

]
(l

o
[]

(g
[}

Average
Arei,
mm

22.6

22.4

TABLE 3a

SUMMARY OF MONOTONIC TENSION
RESIDUAL STRENGTH EXPERIMENTAL
RESULTS FOR (0), COUPONS

+0.1, f =

Failure
Strain
MPa

1569
15¢C

1517

10 Hz, Max,Stress = 1103 MPa

Secant
Modulus
Failure At Failure
Strain GPa
0.0113 139
0.0106 142
c

Coupon monotonically loaded to failure after 407 500 cycles.
Coupon monotonically loaded to failure after 106 cycles.

No extensometer used on this coupon.

Secant
Modulus
At 517 MPa
GPa

134

133



TABLE 3b
SUMMARY OF MONOTONIC TENSION
RESIDUAL STRENGTH EXPERIMENTAL
RESULTS FOR (0)u CCUPONS
R = +0.1, £ = 10 Hz, Max. Stress = 160 ksi

Secant Secant
Average Failure Modulus Modulus
Coupon Are@. Stress, Failure At Failure At 75 ksi,
1D in. ksi Strain Msi Msi
6-112 0.0351 227.5 0.0113 20.1 19.5
6-17° 0.0347 217.6 0.0106 20.6 19.3

6-50° 0.0342 220.1 . _— -

Y]
{]

Coupon monotonically loaded to failure after 407 500 cycles

o
1]

Coupon monotonically loaded to failure after 106 cycles

o]
"

No extensometer used on this coupon
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to prevent damage to these coupoms prior to loading. A comparison of the
limited results of Tables 1 and 3 show that thore was no effect of fatigue
cycling on subsenuent tensile strength, strain to failure or stiffness.
This result is consistent with the observation thai no delamination occurred
during fatigue loading and with the hypothesis that damage in the matrix

does not affect unidirectional strength.

+
2.2 RESULTS FOR (0/90/-45)8 COUPONS

A summary of the monotonic tension tests to failure is given in Table 4.
Coupon 11-5 was tested because the failure data on coupon 11-2 were
inadvertently not recorded. The observed stresses and strains to failure
and the stiffness were typical of other quasi-isotropic laminates{6'7’8’-
21’32’34]. Loading in these coupons was periodically interrupted in order
to obtain KDI data after which the coupons were reloaded to a higher strain
level. The stress-strain curves at each load level were quite straight
lines to failure, thus the stiffness data are not secant values. Table 5
lists the stiffness values obtained for each strain level. For four of the
five coupons, stiffness decreased slightly, an average of 1.4 percent, but
not in a consistent trendlike manner. This result is consistent with the
observation, made by using both edge replications and enhanced x-ray photo-
graphs, that no large delamination occurred in these coupons prior to
failure. Delamination was confined to short distances extending from the
ends of the transverse matrix cracks and these were not visible by enhanced
x-ray. The mathematical modeling in this layup, see Section 3, indicated

that there should be only a few percent change in modulus due to matrix
cracks alone.

The matrix crack spacing data obtained from the edge replications are shown
in Figure 2. The data are shown as smooth "eye based” average curves of the
data points which are individually tabulated in Appendix C, Table Ci. Wo
matrix cracks were observed in the -45° plies. The number of cracks reached

an apparent plateau in the 90o plies at a minimum crack spacing consistent




TABLE 4

FAILURE STRESSES AND STRAINS FOR
MONOTONIC TENSION EXPERIMENTS GF
<0/90/i“5)s COUPONS

Streses At Strain At Stiffness To
Coupon Average Area Fracture, Fracture, Failure
2 .2 N , mm/mm in GPa Ms1i
L.D. m L M kst 516 mm
11-2 41.4 0.0642 -4 _..&@ ______ a -2 ---2
11-5 41.6 0.0645 568 82.4 0.01065 53.3 7.74
11-6 41.7 0.0647 534 77.4 0.01050 50.8 7.37
11-15 42.6 0.0660 538 78.0 0.01009 53.4 7.74
11-22 41.7 0.0647 563 81.6 0.01023 35.0 7.98
11-24 41.2 0.0639 538 78.0 0.01023 52.6 7.62
Average 548 79.5 0.01034 53.0 7.69

a = Failure data inadvertently not recorded, see Table 5 for detailed stiffness

data.
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TABLE 5

STIFFNESS DATA OBTAINED DURING MONOTONIC
TENSION EXPERIMENTS OF (0/90/i95)s COUPONS

COUFON ID

Laminate (0/904:u5)s

11-22

11-24

11=2

11-6

11-15

STRAIN LEVEL
m/mm in 101.6 mm

0.00394
0.00648
0.00979
0.01023

0.00641
0.00782
0.00909
0.00928
0.00953
0.00983
0.01023

0.00737
0.00925
0.00958
0.00983
0.01003
0.01025

GPa

52.5
53.2
53.5
55.4

53.3
53.0

53.1
53.2
52.9
53.1
52.5

53.5
52.3
52.4
53.3
53.2
53.1

Data on Failure Not Obtained

0.00912
0.00937
0.00984
0.01005

0.00881
0.009¢8
0.01009

29
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53.
53.
52.
52.

[« 3NV RV, RN

54.
53.
53.

S OO

- ™

STIFFNESS
Msi

7.61

7.71

7.76

8.03 Failed
on Loading

7.73

7.69

7.70

T.72

7.67

7.70

7.61 Failad
on loaling

7.75
7.58
7.60
7.73
7.72
7.70

7.73

7.76

7.62

7.63 Failed
on loading

7.96

7.77

7.74 Failure
During NDI
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with the computer modeling results of Section 3. The crack spacing in the
+45 plies did not appear to reach a plateau prior to coupon failure. Matrix
cracking started in the 90o plies above (G.0060 strain and above 0.0093
strain in the +45 plies. The number of matrix cracks was essentially the

same in different regions of the gage length, on both edges, and in plies of

the same orientation.

The transverse cracks in the 90° plies were perpendicular to the 0° plies
while those in the *450 plies were usually at approximately a 45° angle to
the 0° plies. The +45° ply transverse cracks were observed to start at or
quite near the end of a 90o ply transverse crack. Delamination could be
seen in the edge replicates, starting at the ends of a transverse crack and
extending as the strain was increased. Usually the symmetrical delamina-
tions were betweer the 90/+45 plies, but they were occasionally observed
between the +45/-45 plies. As previously noted, these delaminations did not
significantly extend into the coupon interiors since they could not be
observed by enhanced x-ray photography. Coupon failures all exhibited
fracture of the outer 0° plies perpendicular to the fibers and parallel to
the 90o plies. Although, the :450 plies usually simply pulled apart, they
also often fractured along the 900 direction. There were .wo failure
regions in four of the five coupons; these occurred near the ends of the
101.6 mm (4 in.) center gage sectior. The fifth coupon fractured

approximately 12 mm (0.5 in.) away from the coupon centerline.

A summary of the fatigue life data for this laminate is given in Table 6.
Stress levels above 448 MPa (65 ksi) would have given lives that were too

short to obtain accurate data while stress levels below 379 MPa (55 ksi)

would have given ‘'ives into and beyond the 106 cycle range which was the
testing cutoff life for this program. The failure regions did correspond to
delaminated regions, but there was no clear correlation to any "most exten-
sive"” delaminated region. All coupons fractured within the gage length
region, see Table 7. Similar to the monotonic tension loaded coupons,

o . . . .
fracture of the O fibers occurred along a 90o direction. Even the inner
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Stress Level

MPa . ksi
579 55
L14 60
AR 65

TABLE 6

SUMMARY OF FATIGUE
FOR (0/90/445)

LIFE DATA
COUPONS

Cyvcles To

Failure,
Coupon ID Thousands Remarks

11-1 198.8 Failure due to
Operator Error

11-3 166.9

11-9 298.6
11-18 60.0 Failure due to
Uperator Error

11-21 212.0

11-25 64.5

11-45 60.1

11-13 29.4
1i-19 8.0 Failure due to
Operator Lrror

11-54 8.3
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TABLE 7
FRACTURE LOCATIONS OF
(0/90/+45)g COUPONS SUBJECTED
TO CONSTANT AMPLITUDE
FATIGUE LOADING

Note: Fracture location is relative to the center
of the 101.6 mm (4 in.) gage length;+ is
towards the upper grip, - is towards the
bottom grip.

Coupon ID Stress Level, Fracture Location,

MPa ksi mm in.
11-3 379 55 +40.6 +1.6
11-9 379 55 +20.3 +0.8
11-21 414 60 -27.9 -1.1
11-25 414 60 -30.5 ~-1.2
11-45 414 60 +17.8 +0.7
11-13 448 65 - 2.5 +0.1
11-54 448 65 -20.3 -0.8
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:ASO plies often fractured along approximately a 90° line. In other

coupons, the +45° plies exhibited fiber fracture along approximately a -45°

line. In many coupons, the :ASO plies appeared to essentially be pulled

apart without large regions of fractured fibers.

The amount ~-f stiffness loss prior to failure varied considerably from
coupnn to coupon at each stress level, see Table =, although the amount of
loss prior to failure was naturally higher as the stress level was de-
creased. The matrix crack spacing within any one ply orientation reached an
essentially stable value independent of stress, see Table &, relatively
early in fatigue life (<4C percent of the fatigue life). See Figure 3 for
an example at 379 MPa (S5 ksi) an. Appendix C, Table C2, for the data at
nther stress levels. The crack spa~ing was the same for the 900 plies as
that reached under monotonic tension load, see Table 8, but was lower for

the :ﬁSO plies.

The matrix crack spacing of all plies thus essentially reached a plateau
during fatipue cycling, but not during monotonic tension loading to failure.
The plateau spacings o?seived in fatigue cycling are similar to those
calculated by ReifsnideriBgJ. Certainly, a specific minimum limit to crack
spacing appears to exist for this laminate at specific stress levels, bu*

this spacing was not reached under 2ll loading conditions.

The normalized dynamic stiffness loss observed during fatigue loading for
these coupons is plotted in Figures 4 to 6. The loss in static stiffness
w#as comparable to the dynamic, but not always exactly the sane. The
tabulated data and additional associated figures are given in Appendix C,
Tables C3 to 22, and Figures C1' to C29. Generally the loss in stiffness
was a smodth decrease, but there were occasional deviations of up to + 2.5
percent, which occurred after load cycling was continued, for coupons which
had been removed for x-ray. However, this deviation in stiffness was less

than +1 percent as ‘ften as it was greater than +1 percent.
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TABLE 8

SUMMARY OF MAXIMUM PERCENTAGE
STIFFNESS LOSS DUE TO
FATIGUE LOADING FOR
(0/90/445) g COUPONS

Stress Fatigue Percent Loss Percent Loss
Coupon Level, Cycles in Dynamic in Monotonic
1D MPa (Thousands) Stiffness Stiffness Remarks

11-1 379 198.8 11.1 14 Failure due ‘o
operator error

11-3 379 166.9 16.8 -2 Failure

11-9 379 290.5 17.3 --a Failure at
298.6K Cycles

11-18 414 60.0 3.3 3.0 Failure due to
operator error

11-21 414 212.0 19.4 11.3 Failure

11-25 414 64.5 7.8 -2 Failure

11-45 414 58.8 6.1 5.2 Failure at
60.1K Cycles

11-13 448 29.0 5.6 --2 Failure at
29.4K Cycles

11-19 448 8.0 1.6 -2 Failure due to
operator error

11-54 448 7.8 2.0 -2 Failure at 8.3K
Cycles

po
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TABLE 9

MATRIX CRACK SPACING UNDER

DIFFERENT LOADING CONDI™ IONS FOR (0/90/t45)s

Loading Condition
Monotonic Tension
Fatigue

379 MPa

413 MPa

448 MPa

Residual Strengzth
After Fatigue at 379 MPa

Monotonic Tension

a = No matrix cracks observed

NOTE: Crack spacinz values given are those measured just prior

Range in Average Crack Spacing

0.28-0.32
0.28-0.59
0.30

0.25-0.30
0.25-0.26

mm

+459 -459°
1.06-2.17 - 4
0.49-0.56 0.91-1.22
0.53-0.65 1.06-1.41
0.53 1.07
0.45-0.61 1.06-1.59
0.47-0.48 1.34-1.41

to failure or at the end of the loading condition

indicated.
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Note in Figure 4 that approximately a 2 percent stiffness loss occurred
early in fatigue 1ife, followed by an additional © tc 9 percent loss over
most of the load cycling, and finally by a rapid stiffness loss of up to an
additional 7 percent as failure was approached. This pattern was similar to
that observed by Jamison and Reifsnider[4o] for this same laminate and for
the same reasons. The early life region of stiffness loss was primarily due
to transverse matrix cracking up to the saturation spacing characteristic of
this laminate. Subsequent stiffness loss was due to gradual delamination
initiation and growth along the 90/+45 and +45/-45 ply interfaces. The more
rapid stiffness 1loss near failure was apparently due to the linkup of
delaminated areas, where delamination in large regions now occurred between
the 0/90, 90/+4%5, and +45/-45 interfaces. In Figure 5, a similar but less
clear stiffness loss pattern as in Figure 4 is evident for these coupons
cycled at a higher stress level, but in Figure 6 the rapid loss in stiffness
near failure is not seen in these coupons cycled at 448 MPa (65 ksi). The
reason was attributed to the fact that the early life delamination pattern
caused sufficient strain increase in the 0° plies for fracture without the
necessity of large stiffness loss due to a more general delamination state.
The correctness of these descriptive reasons for the results of Figures 4 to
6 is discussed further in Section 4 where these experimental results are

compared to the modeling results of Section 3.

That the observed stiffness loss was primarily due to delamination growth is
evident in Figure 7 which shows that matrix crack saturation occurred before
2.5 percent stiffness loss had developed. This is consistent w.th the
computer aided modeling results discussed in Section 3 which indicated the

matrix crack saturation should be associated with only a 1 to 3 pnercent

change in stiffness.

Delaminations grew on two interfaces, 90/+45 and +45/-45, but the former
interface was dominant in most coupons as shown in Figures 8 to 11 where the
extent of 90/+45 delamination was much greater than that of the +45/-45

delamination. The loss in stiffness was thus much more associated with the
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Type 1, 90/+45 delaminatiuvn growth than the Type 2, +45/-45 delamination
growth. However, the edge replication data indicated that early in fatigue
life delamination was more predominant at the +45/-45 interfaces than the
90/+45 interfaces. As load cycling was continued, the 90/+45 interface
delaminations became dominant. Delamination at the 0/90 interfaces did
occur, but the amount extending from each 90O crack was always observed to

be rather short, 0.25 mm (0.01 in.) or less in length.

The pattern of delamination growth was highly irregular in that the growth
was not symmetrical from end to end, side to side or extension into the
interior of the coupon, see Figures 12 to 15. This was in contrast tg the
highly symmetrical growth pattern observed in a (0/45/90/-45)28 1ayupL13],
see Figure 16. The dark thumbnail shaped regions in Figures 12 to 16 are
¢90/+45 interface delaminations while the more faint, trianglar shaped
regions are +45/-45 interface delaminations. The irregular patterns of de-
lamination growth were interpreted to mean that stiffness change and resi-
dual strength were unlikely to be simple functions of the average delamin-
ated area. That this was indeed true for fatigue cycling is indicated by
Pigures 8 to 11 where the same amount of stiffness loss corresponded to a
considerable variation in delaminated area. The scatter in fatigue life was

primarily a reflection of the variations in delamination growth rate.

Figures 12 *o 14 clearly show the transverse maitrix cracking in addition to
the obvious delamination. The darker lines are the transverse cracks in the
two ply thick -450 plies. These -450 matrix crack indications were noticed
to be quite dark near the coupon edges. Further, with continued cycling the
+45° transverse indications became progressively darker and wider. These
widenirn: indications were assumed to be narrow delaminations growing
perpendicular to the transverse cracks at the ply interfaces. Examination
of high magnification, stereoscop%p pairs of such radiographs of (0/90/_:.45)s

coupons by Jamison and ReifsniderL4O]

revealed tiny matrix cracks perpendi-
cular to the transverse cracks to be the source of the darkening radiograph

indications. So many of these cracks eventually occur that they
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essentially are like a delamination if tney truly occur at the ply
interface. By performing a simple linear elastic fracture mechanics
analysis[4o], these cracks were attributed to local stress concentration at

the transverse crack tips.

In Figure 17, the maximum strain in a coupon during fatigue loading 1is
plotted for five representative coupons, as a function of cycles. Because
load was held constant and stiffness decreased, the maximum strain increas-
ed. However, as shown in Figure 17, all coupons failed pricr to reaching
the predetermined monotonic failure strain. The reduction in strain to
failure was hypothesized to be due to redistribution of stress irto local o°
fiber regions because of the presence of matrix cracking and delamination.
O'Brien[41] suggested the strain to failure under fatigue loading could be
obtained by considering a simple free body diagram and calculating the local
increase in strain due to various possible combinations of matrix cracks and
delamination peculiar 20 a particular laminate. The proper trend in expec-
ted strain to failure does result from using sugh an analysis as discussed
in Section 3 and as O'Brien’'s results indicate-*':. The results of the

analysis for several different laminates is given in Section 4.

The coupons selected for residual strength experimentation -~ere load cycled
to either a specific amount of stiffness change or to a specific number »f
fatigue cycles. Because the stiffness loss obtained at or above 414 ¥Pa fec
ksi) was relatively small (and thus delamination small) and the expected
fatigue life below 372 MPa {55 ksi) near or greater than 1C6 crcles, all
coupons were cycled at 379 MPa {55 ksi). The tabulated data for these re-
sidual strength coupons are given in Appendix C, tables C23 to C40. During
load cycling, coupons were inspected for matrix cracxing and delamination
growth. The extent of damage after load cycling was compared to that ob-
served during the load interruptions of the residual strength tests. The
strain levels at which ND[ was conducted on the residual strength coupons
are given in Table 10. Six coupons were cycled to a specific cycle number

(150 000) and three to a specific amount of stiffness loss (approximately 1C
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Figure 17: 1Increzse in strain due to fatigue loading

of (0/90/i45)q coupons.
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TABLE 10

STRAIN LEVELS AT WHICH
NDI WAS CONDUCTED ON
(0/90/t45)S RESIDUAL STRENGTH COUPONS

Coupon Strain Level for NDI Failure
__ID Level 1 Level 2 Level 3 Strain
11-8 0.00825 0.00900 - 0.0095
11-10 0.00900 0.00950 0.01000 0.0106
11-11 0.00825 0.00900 0.00950 0.0096
11-16 0.00850 0.00925 0.00975 0.0098
11-23 0.00875 0.00925 0.001000 0.0107
11-57 0.00875 0.00950 0.001000 0.0109
11-60 0.00900 0.00950 0.001000 0.0109

-

]

:

—
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percent). Of the original nine coupons, one was accidentally overloaded and
one failed in fatigue before reaching the planned 150 000 cycles. Table 10
shows that NDI data were obtained quite near to the failure strain of
several coupons. In Table 11 the failure 1locations for the residual
strength coupons are listed. The failure locations did roughly correlate
with the maximum delamination regions, but these regions were so large as to
indeed make the correlation very rough. The possible reason for this is
discussed in Section 4. The fracture appearance of these coupons  was

similar to that of the fatigue loaded coupons.

During the residual strength loading, the number of matrix cracks appeared
to be essentially unchanged prior to failure as compared to that observed at
the end of fatigue loading. 'This is shown in Table 9 by the essentially
unchanged values for average matrix crack spacing. Measurements no°¢
delamination extent observed during residual strength, monotoniz tensisn
loading indicated small increases in area occurred (up to a maximu.m nf ©

percent).

Table 12 shows that the amount of stiffness loss in the residual strength
coupons correlated well with the extent of delamination, but that strength,
although decreased on average, did not correlate. Further, the average
strain to failure of the residual strength coupons did not differ from that
of the monotonic tersion coupons, and the individual coupon strain to
failure did not correlate to the percent of delaminated area. These results
did ﬁot initially appear to be entirely consistent with a gradual increase
in strain which occurred during fatigue loading nor with subsequent failure
at a strain significantly below the monotonic tension strain which is
attributed to increase in local 0° fiber strain due to the presence of
delamination. The results are further discussed in Section £ where they are

compared to the modeling results of Section 3.

As an example of the analytical difficulties which are addressed in Section

3 and 4, consider coupon 11-10 of Table 12. At the end of 150 000 fatigue

56
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Note:

Coupon

ID

11-8

11-10
11-11
11-16
11-23
11-57
11-60

TABLE 11

FRACTURE LOCATIONS OF
(0/90/+45) . RESIDUAL

STRENGTH COUPONS

Locations are given relative to the
centerline of the 101.6 mm (4 in.)
gage length; + is towards the upper

grip.

Fracture Location

mm in.
-10.2 -0.4
+38.1 1.5
-30.5 -1.2
-10.2 -0.4
-38.1 -1.5
+27.9 +1.1
-27.,9 -1.1
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cycles, stiffness had decreased 19.3 percent. Since load was held constant
the strain had gncreased to approximately 0.0087. According to Figure 17,
this coupon was near failure due to fatigue 1loading. The reduction in
strain to failure was hypothesized to have been due to a regional strain
increase caused by the presence of delamination and matrix cracking, a
situation apparently explainable by the analysis procedure of O'Brien141

previously mentioned. However, when coupon 11-10 was monotonically loadej
to failure, the stiffness remained the same as that recorded at the end of
fatigue loading, as expected, but the strain to failure was C.0106. Thus,
strain to failure under fatigue loading occurred at strzins of 0.008C to
0.0090, but if coupons were loaded monotonically to failure with similar
amounts of damage, strain to failure is on the average 0.0103; a value

unchanged from that for undamaged coupons.

-
~

Some quasi-isotropic layups are known to display as much as a 10 percent
drop in strain to failure due to changes in 1loading rate-‘'-.
Hypothetically, the above described discrepency could be due to a difference
in loading rates, 10 Hz versus 0.01 Hz, and not to a local strain increase
attributed to delamination. However, the extent of the difference was too
large to be fully explained by this hypothesis. Alternatively, or
additionally, an event may occur in coupons subjected to fatigue loading
just prior to (and eventuates in) failure which does not exist earlier.
This would be a certain combination of O° fiber frscture, weak Oo fibers,
and local strain increase in a small region. If such an event occurs, the
probability of removing a coupon while the event is yet occurring and prior
to failure is extremely low. Thus no net effect on strain to failure would
occur during residual strength loading. If this scenario is correct the
problem remains of determining whether the local strain analysis of
O'Brien[41] can account for the observed difference. The generality of this
concept of an event unique to fatigue loading will be alluded to throughout
Section 2 and discussed in detail in Section 4 as will the correctness of

the failure criterion selected to explain the observed phenomenon.
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2.3 RESULTS FOR (0/:‘"5)9, COUPONS

In Table 13, the monotonic tension data obtained for the (O/:AS)S coupons
are summarized. Coupons 8-6 and 8-19 failed prematurely in the region of
45° direction dimples on the coupon surface. These dimples appeared on
several (0/145)3 coupons which were eliminated from further experimentation
in order to reduce the potential of bias in the data. The stress-strain
curve of these coupons displayed a slight deviation from a straight line in
the form of a gentle upward curve (increasing stiffness). Average strain t»o
failure was essentially the same as that for the (0/90/:_45)S coupons, 0.0106
as compared 0.0103. The stiffnesses recorded at the periodic load interrup-
tions for NDI measurements are given in Table 14. The small variations in
stiffness appeared to be essentially random, but an average decrease of

approximately 1.4 percent did occur.

Transverse matrix cracks were visible by edge replication in both the :AEO
plies although more often in the *450 plies. The transverse cracks in bath
ply orientations were usually at a 450 angle to the loading direction. The
matrix cracks did not appear in the enhanced x-ray photographs presumably
jue to two reasons, the tightress of the cracks in the unloaded condition,
and the fact that the transverse cracks in this laminate probably did not
extend across the entire coupon width prior to failwure. Matrix cracking
appeared above a strain level of 0.0045 and remained essentially unchanged
above 0.009C.

The number of cracks per 25.4 mm 1 in.) varied from zero to in-excess-of
thirty depending on the region of the gage length. The same amount of
variation was also found in the same gage length region when comparing the
number of cracks in one 450 ply to another. In some regions, matrix cracks
only occurred in the -452 plies. The variation in the number of matrix
cracks observed in the fracture region of different coupons was as great as
that found within the gage length of any one coupon. Therefore, no trend

curves were used in Figure 18, wnich shows the matrix crack data for these

50



Wi

Average Area

Coupon
1.D. mm2 in.2
8-3 32.0 0.0496
8-6 32.4 0.0502
8-8 31.8 0.0493
8-14 31.0 0.0481
8-19 31.8 0.0493
8-25 31.2 0.0484
Average

g}
[}

Data not recorded.

TABLE 13

FAILURE STRESSES AND STRAINS
FOR MONOTONIC TENSION EXPERIMENTS

OF (O/i45)5 COUPONS

Stress at

Fracture,
MPa ksi
554 80.4
492 71.4 2
585 84.9
618 89.6
462 67.0 2
678 98.4
609° 88.3 €

61
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Straie« o
Fractuore
mm/m~ i

101.6 mm

0.00976
0.00890%
0.01030

0.01072
b

0.01172

0.0106€

Coupon failed prematurely due to manufacturing anomaly.

Average value, does not include coupons 8-6 or 8-16.

56.8
55.3
56.8
57.6

57.9

56.9

Stiffness

GPa

Mgi_

8.24
8.0z
8.24
8.36
b

8.40

8.25



COUPON ID

8-3

8-8

8-14

8-25

TABLE 14

STIFFNESS DATA OF (0/+45)

STRAIN LEVEL
mm/mm in 101.6 mm

0.00730
0.00792
0.00851
0.00931
0.00961
0.00977

0.00764
0. 00808
0.00845
0.00902
0. 00930
0.00987
0.01030

0.00475
0.00727
0.00747
0.00880
0. 00905
0.00934
0.003N
0.01023
0.01072

0.00802
0.00845
0. 00851
0.00954
0.00970
0.01010
0.01034
0.01172
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+45) | COUPONS
OBTAINED DURING MONOTONIC TENSPON EXPERIMENTS

GPA

57.1
56.7
54.8
56.5
56.1
56.7

58.7
56.9
57.0
57.8
56.4
57.4
56.7

58.3
57.2
59.2
56.5
57.4
58.0
57.7
59.5
57.6

57.8
57.0
58.6
59.0
57.4
56.9
58.5
58.0

s e P Ay e W

STIFFRESS.
Msi

8.28

8.22

7.95

8.20

8.14

8.22 PFailed
on loading

8.52

8.2

8.27

8.38

8.18

8.33

8.22 PFailed
on loading

8.45

8.30

8.58

8.20

8.33

8.41

8.37

8.63

8.35 Failed
on loading

8.39

8.27

8.50

8.56

8.33

8.54

8.49

8.41 Failed
on loading



(0/145)3 coupons, because of the large scatter. The data for Figure 18 are
tabulated in Appendix C, Table C41. The irregular matrix crack spacing
observed in these (0/+45)s coupons during monotonic tension loading is also
indicated in Table 15 which shows the range in spacing observed for various
loading conditions. Clearly, matrix crack saturation did not occur prior tn

failure under monotonic tension load.

Edge replicates revealed regions where delaminations of 25 to 50 mm (1 to 2
in.) in length occurred at the +45/-45 interface. Often, no transverse
cracks in the -4'50 plies were found in these regions. dowever, no
delamination prior to coupon fracture was observed by enhanced x-ray
radiographs in these monotonically loaded coupons. Therefore, the

delaminations appeared to be primarily an edge phenomenon.

Fracture surfaces of the monotonically loaded coupons were dominated by the
+45° plies. The outer 0° plies always started to fracture along a +45°
direction which for half of the fracture surfaces continued across the
coupon width and in the others went part way across and then changed to a
9')0 direction. Thus the strong influence of the underlying ply on the outer
0° plies was again noted as for the (C/90 /#45)  coupons and also for the

results of other layups previously reported 7’13’352 .

A summary of the fatigue life data for the (0/145)8 coupons is given in
Table 16. Many (0/145)3 coupons had surface dimple inperfections, as
previously mentioned. These coupons were eliminated from the experimental
program since their fatigue lives were severely reduced by the presence of
the dimples as shown in Table 17. Therefore, for two coupons, 8-13 and
8-15, load cycling was discontinued before failure since they had 1large
dynamic stiffness 1losses, 9 to 10 percent, and additional coupons were
needed for residual strength experimentation.

Fatigue lives exhibited large scatter, as Table 16 shows, therefore a large

amount of data was obtained at one stress level, 483 MPa (70 ksi).
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TABLE 15 - MATRIX CRACK SPACING UNDER
DIFFERENT LOADING CONDITIONS FOR (0/+45)s

COUPONS
Range in Average Crack Spacing
mm
. ey 0 o
Loading Condition +45 =45
Monotonic Tension 0.74-20.3 2.12- -2
Fatigue at 483 MPa 0.43-0.49 0.74-0.85
Residual Strength
After Fatigue at 483 MPa 0.43-0.49 0.74-1.16
Monotonic Tension 0.47-0.51 0.75-1.27
]
t

a= No matrix cracks observed

NOTE: Crack spacing values given are those measured iust prior
to failure or at the end of the loading condition indicated.
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TABLE 16
SUMMARY OF CONSTANT AMPLITUDE FATIGUE EXPERIMENTS
FOR (0/445) = COUPONS

R = 0.1, f = 10 Hz, Room Temperature, Laboratory Air

Maximum No. of
Stress Level Fatigue
Coupon I1.D. MPa ksi ___Cycles
8-45 517 75 125 844
8-12 500 72.5 21 310
8-10 483 70 85 660
8-13 483 70 836 2003
8-15 483 70 971 500
8-24 483 70 840
8-27 483 70 1 191 300
8-46 483 70 531 100
8-9 465 67.5 340 000
8-30 448 65 1 000 OOOb

a = Coupon did not fail, removed for residual strength testing

b = Coupon did not fail
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TABLE 17
EFFECT OF MATERIAL INPERFECTIONS
ON FATIGUE LIFE OF
(0/+45) , COUPONS

R = +0.1, f = 10 Hz, Fatigue Stress Level = U483 MPa

Average Fatigue
Coupon Coupon Areg Life in Cycles,
Type ID mm (Thousands)
8-13 32.2 61.0
Coupons without 8-13 30.8 836.2°
or with few 8-15 30.7 971.5
apparent 8-27 31.1 1191.3
imperfections 3-46 31.8 . 531.1
Coupons with 8-2 31.8 2.6
apparent 8-8 3t1.5 4.7
imperfections 8-11 31.6 152.6
8-16 31.6 6.6b
8-20 32.2 -
8-22 32.0 12.9
8-23 31.7 16.9 c
8-24 31.4 0.84
8-32 31.3 129.¢
a = Coupons did not fail
b = Coupon failed during monctonic stiffness survey at 474 MPa

Coupon reached approximately 98 percent of fatigue load.
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Although edge replicates revealed developing delamination at the _+__45o in-
terface, these coupons essentially did not show delamination in the x-ray
photographs, except in a few longer 1life coupons where delamination was
minor, less than one percent of the total gage length area. Such delamina-
tion consisted of longitudinal regions along the coupon edge. In this region
were Oo splits and some Oo fiber fracture as shown in Figure 19. In additicn
to the usually developed O0 fiber fracture along the edges, such 0° fiber
fracture was also occasionally observed on the outer o® plies, away from the

coupon edges.

Fracture locations (Table 18) did not correlate to any worst location matrix
crack spacing regions since the crack spacing was regular, see Table 15, in
contrast to the irregular spacing observed under monotonic loading. The
crack spacing was 2180 considerably shorter after fatigue loading than after
monotonic loading, see Table 15. The final crack spacing in the :ASO plies
was essentially the same as that spacing theoretically derived by shear lac

297
39! How-

analysis, 0.40 mm for the +45o plies and 0.73 mm for the —450 plies.
ever, as the observed range in crack spacing shows (see Table 15) not all
coupons or all regions of any one coupon reached the theoretical minimiaum
spazing. The density of the matrix cracks in the -450 plies was essentially
the same as that in the +45° plies when based upon a normalized thicrness

hasis.

Transverse cracks in both the +45° and -450 plies varied between being ess-
entially perpendicular to the Oo plies to approximately a 450 angle. Matrix
cracking started at the coupon edges, as the enhanced x-ray photographs
showed, and progressed inward as the number of cycles increased, see Figures
20 and 21. Figure 22 shows, as an example, an enlarged picture of coupon
8-15 after 461 000 cycles; the same one shown as the first picture in Figure
21. The :450 transverse cracks had not yet fully crossed the coupon width
as shown in Figure 22. This observation was typical of the other coupons of
this la,up. Note in the last photograph in Figure 20 not only the small
edge delamination and 0° splitting, but also the 0° splitting near the cou-
pon center. Some delamination and fiber breakage occurred at the ends of

this centrally located 0° splitting region.
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NOTE: Fracture 1

of the 101

Coupon ID MPa
8-9 465

8-10 483

8-24 483

8-27 483

8-46 483

8-12 560

8-45 517

(Y

TABLE 18
FRACTURE LOCATIONS OF
/iAS)S COUPONS TESTED UNDER

CONSTANT AMPLITUDE LOADING

ocation is relative to the center line

.6mm (4 in.) gage, + is towards upper grip

Stress Level Frarture Location
ksi Jmm _in,
67.5 -30.5 -1.2
70 + 5.1 +0.2
70 +40.6 +1.6
70 -17.8 -0.7
70 -22.¢ -0.9
72.5 - 5.1 -0.2
75 -20.3 -0.8
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Enhanced X-ray photograph of coupon 8-15, after 461 000 cycies,

showing that the matrix cracks have not transversed the coupon
width. 73
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Throughout Figures 20 to 21, the transverse cracks in the -450 plies are
more evident than those in the +45° plies. This is due to the fact that the
-450 ply is of double thickness and laminatz analysis shows this leads to
doubling of the crack width. Matrix cracks in the -45° plies appeared, under
high magnification, to traverse across the coupon width much sooner than
those in the +45° plies and to have a much .ess segmented nature. Transverse
crack density continued to increase throughout as much as 50 percent of the
coupon fatigue life as shown by the enhanced x-ray photographs of beth Figu-
res 20 and 21. Similar to the (0/90[:45)s coupons, short microcracks perpen-
dicular to the :450 transverse cracks appeared along the major cracks as
fatigue cycling progressed. These cracks may essentially constitute a ;45o

a0
interface delamination, a point noted also by Jamison and Reifsnider“do“.

The fatigue coupons exhibited stiffness loss only roughly correlated with
stress level and fatigue life as shown in Table 19. The dynamic stiffness
losses were usually somewhat higher than the corresponding monotonic stiff-
ness values. Monotonic stiffness loss c¢f up *o 2 percent was attributed to
the development of a fully saturated transverse matrix crack pattern. This
is shown by Figure 23 (data given in Table C42) which indicates that matrix
crack saturation essentially occurred by the time that a 2 percent loss in
stiffness had occurred. The additional monotonic stiffness loss was attri-
buted to gzradual development of small edge delaminations and to the fine

cracking, essentially delamination which slowly developed between the

+45/-45 interface along the :ﬂSo transverse matrix cracks.

The regularity of stiffness loss is shown in Figures 24 to 28. Addit. nal
plots of individual coupons are given in Appendix C, Figures C26 to C27, and
all of the data are tabulated in Tables C43 to C53. These figures show that
stiffness change was generally a decrease, but often increases of up to two
percent occurred prior to any decrease. The gradual nature of the stiffness
loss appeared to be due to the slow increase in transverse matrix cracks and
the previously mentioned development of the fine :450 interface cracks. The
hypothesized reasons for the observed stiffness loss are discussed further

in Sections 3 and 4. The reason for the small initial increase in stiffness

is not known.
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TABLE 19
SUMMARY OF MAXIMUM PERCENTACE
STIFFNESS LOSS DUE TO
FATIGUE LOADING FOR
(0, *35)s COUPONS
Stress Fatigue Percent Loss Percent Loss
Coupon Level, Cycles in Dynamic of Monotonic

1D MPa (Thousands) Stiffness Stiffness
8-30 448 1000.0 8.2 6.0
8-9 465 335.0 2.2 .62

b
8-10 483 61.0 0.9 --
8-13 483 836.2 9.6 6.3
8-15 483 971.5 8.9 5.3
8-27 483 1107.0 .6 --P
8-46 483 530.1 4.6 6.2

b
8-12 500 20.0 0.0 -

b
8-45 517 125.0 2.9 -
a = Number is an increase not decrease.
b = monotonic stiffness loss not obtained near failure.
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In Figure 29, the maximum strain in a coupon during fatigue loading is
plotted for four representative coupons. The numbers in parentheses indi-
cate the amount of dynamic stiffness loss which occurred prior to failure.
As for the (0/90/:_45)s coupon, these coupons failed under fatigue loading at
strain levels significantly below the monotonic strain to failure. The rea-
son for failure at such low strain levels is not immediately obvious be-
cause: 1) the coupons did not delaminate on a global scale; 2) the number of

matrix cracks saturated before a three percent loss in stiffness occurred;

and 3) the total monotonic stiffness loss was under seven percent.

Fracture can be attributed to iocai ioad transfer to the Oo fibers because
of the matrix cracks and the small delamination iike cracks emanating from
them. The observations of fiber frecture in the surface Oo piies was consi-
dered pertinent. These fibers, recall, wouid fracture not oniy at the cou-
pon edges, but aliso between the edges. A region of broken fibers initiaily
about the wdith of a fiber tow was observed in severai coupons just prior to
faiiure. This region of fiber fracture was observed to extend by smaij,
irregular jumps partially across the coupon width due to continued .io0ad
cyciing. Eventuaily, coupon fracture appeared to occur when sufficient Oo
fibers were broken such that fracture of a statistically significant group
of fibers couid deveiop. Thie fajiure scenario is similar to the fatigue
faiiure event hypothesized for the (C/90[:45)S coupons. As for the mono-
tonicaily lioaded coupons, fracture of the Oo piies generaliy occurred aliong

a +45O direction. Further discussion is heid until Sections 3 and 4.

For the residual strength experiments only three coupons were available
because s0 many had a short fatigue life or were set aside due to the
presence of surface dimples. All three coupons were fatigue cycled at 483
MPa (70 ksi) before being loaded in four steps: strains of 0.0085, 0.0090,
7.0095, and to failure. Table 20 shows the results of the residual strength
esperiments. Detailed data are tabulated in Appendix C, Tables C54 to C56.

The results show the previously noted losses in stiffness similar to those
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observed for (0/90/:'45)a coupons. Also similar to that layup, the strain to
failure was unchanged from the failure sirain obtained under monotonic
tension load without prior fatigue damage. The extent of matrix cracking
did not appear to change during the residual strength experiments, see Table
15, nor was any nev delamination observed tc develop or previously observed
delamination to extend. Therefore, also like the (0/90[145)8 laminate,
(0/:_45)e coupons failed under fatigue loading at strains well below the
mouotonic tension failure strain level, but this effect of damage was not
reflected in residual strength coupons despite the loss in stiffness which
did occur. Failure locations for these residual strength coupons are given
in Table 21. The fracture location of coupon 8-31 is one of the few which
occurred outside of the gage length.

2.4 RESULTS POR (0/45/02/-45/0)8 COUPONS

The monotonic tension data obtained for the (0/45/0 /-45/0) coupons are
summarized in Table 22. The strain o failure of these coupons was slightly
higher than that for the (0/90/*45) , and (O/*45) layups, which is probably
attributable to variation in laterlal batch/lot prOpert1es 67 » The compar-
able results obtained in another research program 32 for a doubly symmetric
form of this laminate are also given in Table 22. 1In Table 23, the stiff-
ness values obtained at the 1load interruptions for NDI are listed. In
general, the stiffness readings slightly increased with strain as is typical
for this layup which is known to have an jncreasing stiffness stress-strain

carvel 2],

The fracture surfaces of the monotonic tension coupons were dominated by the
+45° plies in that fracture of the O° plies and the -45° plies occurred

along a +45 direction. In two coupons, the +45 failure direction only
extended part way across the coupon ani the remaining fracture was at 90 to
the O ply orientation.
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Coupon
ID

8-13
8-15
8-31

Note:

TABLE 21

FRACTURE LOCATIONS OF
(0/%45)s RESIDUAL
STRENGTH COUPONS

Fracture Location
mm in,
+50.8 +2.0
+35.6 +1.4
+76.2 3.0

Locations are given relative to the centerline
of the 101.6mm (4 in.) gage length; + is towards
the upper grip.
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Coupon
ID

1ZF1908
-B1

-B2

-B3

STIFFNESS DATA OBTAINED DURING
MONOTONIC TENSION EXPERIMENTS
of (0/45/02/-45/0)S COUPONS

Strain Level
mm/mm in 1071.6 mm

COOOO0OO0ODO0OOOOOOOOO

OO OO

OCOOOOO

TABLE 23

.004G2
.00601
.00804
.00854
.00903
.00951
.00978
.01001
.01027
.01053
.01078
.01104
.01127
.01146

.00402
.00804
.01002
.01052

.01068

.00952
.01002
.01028
.01055
.01077
011

38

GPa

110,
191.
11,
102.
152.
102.
102.
102.
1n2.
1n3.
103.
103,
103,
103,

96.
99,
101.
101,
121.

190.
100.
100.
100.
151,
101,

£ YW S ORI NI WD N N

N N w MO

FS 3 WVo Rike JVo RN ]

Stiffness,
Msi

14.
14.
14.
14.
14,
14.
14.
14.
14.
14.
14.
14.
14.
.0C Failec cr

15

61
68
78
83
86
89
82
86
92

Loading

14.

04

14.47

14.

14.
14.

69

73
53 Faile? rr

Loading

14.56

14.63

14.64

14.64

14.70

14.71 Failed on
Loading

an



TABLe 23 (continued)

-B4 0.00953 101.1 14.67
0.01003 101.4 14.70
0.01028 101.6 14.74
0.01051 101.8 14.77
6.01077 102.0 14.79
0.01105 102.2 14.82
0.01127 102.5 14.86 Failed on
Loadirg
-B5 0.00504 101.5 14.72
0.00754 102.0 14.79
0.01053 103.6 15.03
0.01077 103.9 15.07
0.01103 103.9 15.07
0.01126 15.03 Failed on
Loading

89




This layup is highly dominated by the 0° plies and apparently fracture
location is much more sensitive to gripping as shown in the fracture
locations of these coupons given in Table 22. However, as discussed in
Appendix B, the double symmetric form of this layup showed no significant
effect of gripping on the monotonic temnsion cata despite more, apparently,

grip influenced failures than statistically expectable based upon a random
analysis of fracture in an untapered coupon. 32 Therefore, the strength of
these coupons was probably not significantly affected by the increased

influence of the grips.

As anticipated, enhanced x-ray photographs showed no delamination ocecurring
during temsion loading to failure. 1In addition, matrix cracks in the *45
plies were extremely dfficult to observe by enhanced x-ray even though the
radiographs were obtained while coupon B-1 was under a load equal to 80
percent of the previous strain level. Table 24 shows that the number of
matrix cracks observed using edge replication was highly irregular, even
more 30 than in the (O/_*_AS)s coupons, which explains the high probability of
not seeing matrix cracks on the enhanced x-ray photographs, since for some
coupons cracks were not seen on the edge either. In coupon B2, ro matrix
2racks were found even by edge replication and in coupon B3 only three -450
ply matrix cracks were observed over the entire 101.6 mm {4 in.) gage length
and those only just prior to failure. 1In coupons B4 and BS, numercus -45°
ply matrix cracks were observed, but all in only one of the two -450 plies
and not over the entire gage length. Only one to three +45° Ply matrix
cracks per inch were found in coupon B4 and none in BS5. Most of the
observed matrix cracks were at an angle to the lcading direction with many
at approximately a 450 angle duv» to combined in plane normal and shear
stresses. The obtserved matrix cracks usually had no short delamination
cracks at their ends between the Oo and 45° plies. The enhanced x-ray
evidence was strong that even the few matrix cracks observed by edge

replication did not fully cross the coupon width prior to failure, a fact

confirmed by microscopic cross sections of coupons.




ORIGINAL PAGE IS
OF POOR QUALITY

TABLE 24
. MATRIX CRACK SPACING CESERVED DUZING MONOTCNIC TENSION LOADING

OF (0/“5/02/-1«5/0)3 COUFCNS

Average Crack Spacing, mm

Ply Level
Coupon ID Strain Level +U5 -5
1ZF1908-B1 Failed at 0.01146 No cracks observed by x-ray at
13 ctrain levels, 0.004 to
0.C1127.
-B2 Failed at 0.01068 No cracks cbserved by edge

replication at ¥ strain levels,
0.004 to 0.0105.

-B3 0.00952 -2 -
0.01002 - -
0.01028 - -
0.01055 _— b
0.01077 - b
Failed at 0.01101

-BY 0.00953 25.4¢ 0.879
0.01003 25.4 0.67
0.01028 . 8.47 0.85
0.01077 8.47 0.87
0.01105 8.47 0.82
Failed at 0.01127

-BS 0.0050% - 0.94d
0.00754 - 0.87
0.01053 - 0.85
0.01077 -— €.91
0.01103 - 0.82
0.01126 - 0.82

Failed at G.01143

a = Indicates that no matrix cracks were observed
b = Only three cracks found,3il ir a spacing of 1.5 rm and only in one -u5° Ply
¢ = Ore matrix crack cbser.-~d in one inch in only one +45 ply
d = All matrix cracks found in only one -45 ply
~
-4 91
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The fatigue life data for this layup are Summarized in Table 25. The large
scatter in fatigue life was also typical of the doubly symmetric form of
this layup 32 and was similar to that of the previously discussed (0/+45)s
layup. Coupons of this layup were 1load cycled from a specific initial
strain level. Since all coupons had the same area within a few percent,
initial stress was also essentially the same. The stiffness data for these
coupons are listed in Appendix C, Table C57. For most coupons, stiffness
measurements did not change by even one percent. For a few coupnrts,
apparent changes of one to three percent occurred, but stiffness readings
actually increased for as many coupons as those in which a decrease occurred
and fluctuations were up and down prior to failure without any discernable
pattern. Usually these fluctuations occurred between readings made before

and after coupon removal for enhanced x-ray photographs.

An attempt was made using coupon BC to see if the zinc iodide enhancer
affected the stiffness readings, but no effect was found. The reason for
the fluctuations is unknown, but their occurrence is especially curious
since readings increased as often as they decreased ani the rather large
fluctuations did not occur for the (0/90[145)8 and (02/904)S coupons, but
4id to a similar extent for the (0[145)3
changes in the (0/145)3 and (0/45/02/-45/0)s layups during the unloaded time
periods which does not occur to the same extent in the other two multiaxis

layups.

coupons. Apparently somethin;

The random nature of the stiffness measurements and the fact that the
average value esentially remained unchanged led to the conclusion that the
stiffness of these coupons was unaffected by the fatigue cycling. Therefore
no stiffness versus cycle plots are shown. Also no strain versus cycle
plots were made since strain did not change. However, as with the
(0/90[:45)8 and (O[:AS)S layups, all of these coupons clearly failed in
fatigue at strain levels considerably below (20 to 30 percent) the tensile
strain to failure region.
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TABLE 25
FATIGUE LIVES OF (0/45/02/-4‘5/0)S COUPONS
CYCLES TO

COUPON 1D STRAIN LEVEL FAILURE

1ZF1908-B28 0.0090 11 800
-B7 0. 0085 5 674
-B10 101 380
-B11a > 650 000
-B13 144 800
~B17 196 110
-B25 746 500
-B27 4 344
-B9 » 0.0080 473 880
-B12 300 253
-B14 240 380
-B15b 312 540
-B18 > 575 000
-B19¢ 225 180
-1320,D > 300 000
-B21 > 300 200
-B26b 22 85C
-B30b 150 720
-B31 > 675 000
-B32 331 040
-823) 0.0075 >1 000 000
-B24 >1 300 000
-B6® 0.0070 > 000 000

a = Coupon failed due to operator error

b = Coupon used for residual strength experimentation

¢ = Coupon failed while being cycled for residual strength experiment

]
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Table 26 lists the failure location of the fatigue loaded coupons. As for
the monotonic coupons, the location of fracture was often outside the
extensometer gage length as was also noted[32] for the doubly symmetric form
of this laminate. The fracture surfaces of these fatigue loaded coupons
were dominated by the +45° plies 1like the monotoric tension coupons.
Occasionally the inner 0° plies were fractured for a short distance along
the n45° direction, but then returned to the predominant +45° direction.
Hence, the fracture locations of Table 26 are essentially the centers of the
+45° angle regions. As noted in the table, occasionally two fracture
regions developed and interacted with a final fracture line between them

parallel to the 0° ply direction.

The primary form of damage development in the fatigue coupons was matrix
cracking in the :ASO plies. Edge delamination did occur, but this did not
always significantly penetrate into the coupon interior as demonstrated
by the enhanced x-ray photographs where delamination was often not visible.
Most of the delamination was linear in shape and accompanied by 0° splits as
shown in Figure 30. Delamination primarily occurred on either side of the
+45° plies and secondarily, and not on all coupons, on either side of the
inner -45° plies. The delamination in Coupon B18 was unusual in being
thumbnail in shape as shown in Figure 31. A qualitative summary of the

observed matrix cracking and delamination is as follows:

o] 0.0070: {up to one million cycles) Edge delamination visible
only on edge replicates; irregular matrix crack spacing; num-
ber of matrix cracks per unit length considerably less than
that observed just prior to failure of monotonic tension
coupons.

o 0.0075: (up to one million cycles) Same as 0.0070.

o 0.0082: Highly irregular matrix crack spacing up to 300 000
cycles (0 per 25 mm (in.) up to 125 per 25 mm (in.)), bdbut
number per unit length in some plies does exceed that observed
prior to failure of monotonic tension coupons; enhanced x-ray
visible delaminations normelly occurred by 300 000 cycles and

sometimes by 150 000 cycles with no significant stiffness
loss.
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TABLE 26

FRACTURE LOCATION DATA FOR (0/45/0 /-45/0) .. COUPONS

Coupon
ID

12F1906-B9
-B12
-B14
-B15
-R19
~B30

-B32

-B7
-B10
-B13

-B17

-B25

-B9

LOADED IN CONSTANT AHPLITUDE FATIGUE

Initial Average
Strain Fracture Location®
Level mm in.
0.0080 +4.0 +0.2
+76.0 +3.0
+38.0 +1.5
+84.0 +3.3
+86.0 +3.4
-20.0 -008
+15.0 +C.6
+46.0 +1.8
0. 0085 +8.0 +0.3
+12.0 +0.5
+76.0 +3.0
+33.0 +1.3
-24o0 -1.0
+58.0 +2.3
-28.0 -1.1
~-46.0 -1.8
0.0090 0.0 0.0

a = A double entry indicates a region of fracture since damage was

extensive.
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Figure 10:

- oo

ORIGINAL PAGE IS
OF POOR QUALITY

Typical aclamination found along the edges of (0/45/0 /—45/0)
coupon Bl4, after 225 000 cycles, by using enhanced x-ray
Photography.
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Figure 31:

ORIGINAL PAGE 19
OF POOR QUALITY

Unusual thumbnail type delamination found in
coupon B18.
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b .

o 0.0085: Similar to observations made for 0.0080 coupons.

0 0.0090: Little or no delamination confined to edges, and
apparently few matrix cracks prior to failure in a few
thousand cycles.

The cverage matrix crack spacing versus cycles in shown in Figures 32 t> 3£

for coupons fatigue cycled at initial straims of 0.0075, C.0080 and 0.0085.

Matrix crack spacing did tend to decrease to levels near or below the
minimum distance observed under monotonic tension load, see Table 27, but
still remained highly irregular with no apparent plateau as Table 27 and
Figures 32 to 34 show. The matrix crack data were actually much more
irregular than that shown by the average spacing plots of Figures 32 to 34.
Regions were found with many =matrix cracks, more than 7C per 25 mm, in some
plies and none in others, even in the same ply orcintation, and even near
coupon failure. Other regioms, up to 25 to 50 mm in length, had no matrix
cracks prior to fracture. The +45 plies were generally, but not always,
observed to have considerably more matrix cracks than the -450 plies.
Matrix cracks generally were at an angle to the O° plies, up to 450. Many
of the transverse matrix cracks were not found to ever traverse completely
across the coupon width as high magnification examination of the x-ray
photogzraphs showed. This was confirmed by taking sections, parallel to the
CO fibers, of two fatigue coupons, 6 mm from the edge and at the center-
line, which showed matrix cracks near the edge, but none at the center.
These observations c¢n the extent of matrix cracking led to the inference
that a saturation plateau was never reached prior to failure under fatigue
loading . In fact, the matrix crack states reached prior to failure were

apparently far remcved from any such saturation plateau state.

Tables 28 and 29 list the results of the residual strength experiments per-
iormed on the (0/45/02/-45/0)‘ coupons. Fracture location data are given in
Table 30 which again shows many coupons which fractured outside the extenso-

meter gage length region. These coupons were loaded to failure in several
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TABLE 27
MATRIX CRACK SPACING UNDER
DIFFERENT LOADING CONDITIONS
FOR (0/45/02/-45/0)S COUPONS

AVERAGE RANGE IN CRACK SPACING

me
LOADING CONDITION +45° -45°
MONOTONIC TENSION 8.47 to -~ 2 0.82 to == B3
FATICUE
Initial = 0.0075° 2.21 t0 4.62  2.42 to 2.54
= 0.0080 1.18 to 1.02  0.59 to 3.76
= 0.0085 0.92 to -- 0.77 to --
RESIDUAL STRENCTH
After
Fatigue = 0.0080 0.61 to 4.84 0.69 to 2.99
= 0.0075 2.21 to 4.62  0.59 to 3.76
Monotonic Tension 0.61 to 5.34 0.69 to 2.99

NOTE: Crack spacing values given were measured Just prior to
failure or at the end of the loading condition indicated.

a = No matrix cracks observed

b = The two coupons at initial o of 0.0075 did not fail after 106 cycles.
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TABLE 30
FRACTURE LOCATION DATA FOR (0/45/0./-45/0). COUPORS
LOADED IN RESIDUAL STRENGTH APTER CONSTANT XMPLITUDE FATIGUE LOADING

Initial Average a

Coupon Strain Fracture Location
ID Level . mm in.
B6 0.0070 0.0 0.0
+64 +2.5

B23 0.0075 +7T1 +2.8
-46 -1.0

B24 0.0 0.0
+51 +2.0

B16 0.0080 -69 -2.7
-89 -3.2

B18 =25 -1.0

B20 Test Section Exploded - -

B21 +18 +0.7
+64 +2. 5
B29 ~-66 -2.6
-81 =3.2

B31 Test Section Exploded - -

a = A double entry indicates a region of fracture since damage
was extensive.

"
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load steps as shown in Table 29. Detailed stiffness and matrix cracking
data obtained during fatigue loadings are given in Appendix C, Tables C57
and C58.

Edge replications were obtained at each load step, but enhanced x-ray photo-
graphs were only obtained if edge delamination occurred. Such delamination
did not occur prior to failure in five of the coupons. Four coupons con-
tained edge delamination after fatigue testing and enhanced x-ray photo-
graphs were obtained at each load step. The damage state at the end of
fatigue loading within the non-delaminated coupons consisted only of trans-
verse matrix cracking with short delaminatione at their ends. The extent of
matrix cracking or delamination did not change during residual strength
loading from that observed just prior to fatigue loading, see Table 29. The
stiffness in these residual strength coupons was also essentially the same

as that of the undamaged monotonic tension coupons.

Strain to failure, and hence strength, was reduced by an average of
approximately nine to ten percent below that of the undamaged coupons.
However, the strain to failure of some coupons was reduced by as much as 20
percent below the previous average monotonic tension value. Although the
strain to failure was reduced in all of the residual strength coupons, the
presence of edge delamination, visible by enhanced x-ray, clearly had the
most direct correlation to strain at failure, as shown in Table 28.
However, the thumbnail 1like delamination of coupon B18 did not correlate
with a large reduction in strain to failure. For all residual strength
coupons, strain to failure was again, as for the (0/90/_:45)s and (O/:AS)S

coupons, considerably higher, by 10 to 25 percent, than that of the coupons
loaded in fatigue to failure.

Since the presence of fatigue load induced matrix cracking and delamination
did not affect stiffness nor reduce strain to failure under residual

strength loading to levels equivalent to strain levels at fatigue failure,

the cause of the reduction in strain to failure under fatigue loading was of
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interest. 1In eé3sence, something occured under fatigue loading which was not
usually encountered under the residual strength monotonic loading. This was
attributed to local fiber fracture which was observed not only near the
coupon edges, but also on the surface away from the edges, similar to the
(0[145)8 coupons. Further discussion of this point will be continued in
Section 4 where a comparative summary of the results for all of the layups
is given.

2-5 RESULTS POR (0,/90 4) s_COUPONS

The failure data for the monotonic tension experiments of (02/904)s coupons
are given in Table 31. Fracture of the (02/904)3 coupons in monotonic
tension occurred in a highly explosive manner. Usually, no specific site of
fracture could be discerned. However, the outer 0° Plies fractured along
lines parallel to the 90° plies.

The stiffness of these monotonically loaded coupons usually decreased during
each loading, see Table 32, which followed a load interruption to obtain NDI
data. The decrease in stiffness was pronounced enough that three additional
coupons were fractured in monotonic tension at the same strain rates as
before, but without any load interruptions. The results for these three
coupons are also given in Table 31, The reason for the low strain to
failure of these coupons compared to the other layups of this study is
discussed in detail in Section 3, but, in summary, was due to an increase in
stress in the 0° Ply adjacent to the end of the 90° Ply transverse matrix
cracks. This occurs because a matrix crack in the 8 ply thick 90° Piy
induces a stress concentration over g larger region than that due to a
single ply thickness and because all of the load in the vicinity of the 8t
90o ply is essentially dumped into the Oo ply.

The stiffness (secant modulus to failure) of the three coupons 1loaded
without interruption was the Same as the final stiffness value of the

previous five ccupons used to obtain NDI data, although the average strain
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COUPON
ID

1ZF1906
-Al

TABLE 32

STIFFNESS DATA OBTAINED DURING MONOTONIC
TENSION EXPERIMENTS OF (02/904)5 COUPONS

Strain Level

mm/mm in 101.6 mm

0.00201
0.00300
0.00401
0.00501
0.00603
0.00705
0.00805

0.00202
0.00303
0.00782
0.00803
0.00855
0.00903
0.00928
0.00953
0.01000
0.01027

0.00304
0.00601
0.00703
0.00752
0.00804
0.00880
0.00928
0.00979
0.00992

0.00807
0.00853
0.00874

0.00752
0.00803
0.00827
0.00854
0.00903
0.00951

109

Stiffness

GPa Msi

51.6 7.48

51.7 7.50

52.3 7.59

52.3 7.59

52.3 7.58

52.2  7.57

50.8 7.36 Failed on loading,
51.2 7.42

51.6 7.49

49.3 7.15

48.7 7.06

48.5 7.03

48.0 6.96

48.90 6.96

48.0 6.96

48.2  6.99

48.1 6.98 Failed on next loading cycle

at slightly lower value.

49.1  7.12

49.7 7.21

48.4  7.02

46.8 6.79

46.5 6.75

46.6 (.76

46.3 6,72

46.2 6.70

46.3  6.72 Failed on loading.
47.7 6.92

46.5 6.74

46.0 6.67 Failed on loading.
51.0 7.40

48.5 7.03

48.0 6.96

48.0 6.96

47.8 6.93

48.0 6.96 Failed on next loading cycle

e O My FT LT

at slight lower value.

Sl e o




to failure was lower perhaps due to a low sample size and hence statistical
variation. The generally decreasing stiffness of the coupon 1l0ad interrup-
ted for NDI could now be understood. The three coupons tested without load
interruption exhibited an easily noticeable decrease in stiffness by the
time a strain level of 0.006% was reached. This decreasing stiffness chang-
ed more rapidly as failure was approached, due to the increasing number of
transverse cracks. The secant stiffness to failure was an average of 6.0
percent less than that up to 0.0050 strain for the last four coupons of
Table 32. The amount of stiffness loss prior to failure was the least for
coupon A1. Significantly, coupon A1 exhibited the least amount of trans-
verse 90° Ply matrix cracks prior to failure.

A plot of the observed matrix crack spacing in the 90° Plies versus strain
was made and is shown in Figure 35. The previously mentioned 6 percent
change in stiffness of these coupons can be seen to correspond to the strain
levels where an apparent plateau in the number of transverse 90o ply matrix
cracks began to occur. Coupon A1 fractured prior to saturation and thus
exhibited little stiffness change. These coupons all had a few 90o rly,
transverse matrix cracks prior to loading, approximately 2 to 3 per 25 mm.
These manufacture induced@ cracks were presumably due to thermal stresses

Whi“hdevelopduringpanelcool down. The detailed matrix crack spacing data

are tabulated in Appendix C, Table C59.

Damage progression during monotonic tension loading consisted primarily of
%0° oly matrix cracks perpendicular to the 1load direction. Delamination
during monotonic loading was not observed by enhanced x-ray, and on the edge
replicates delamination extendirg from the ends of 90° prlies was usually
short, but obvious and often absent until near coupon failure. At that
point, 0/90 delaminations on the coupon edges nearly but not completely
linked together. The spacing of the 90° Ply matrix cracks decreased as load
increased and tended towards an apparent Plateau spacing. However, as in

the case of coupon A1, fracture sometimes occurred Prior to reaching that
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platesu Presumably due to the large stress concentration previously
rentioned. A stiffness loss up to 6 percent corresponded to the Plateau

level matrix crack spacing.

The plotted results of Figure 35 are somewhat misleading since the data
shown in Figure 25 do not truly represent the complexity shown in Figure 36,
Figure 36 shows three typical, although severe regions of matrix cracking
usually found in the monotonically lcaded coupons. Most regions of
transverse cracking were regular in nature, but regions like that shown in
Figure 36 were commonly observed. The 90° matrix crack pattern is clearly
appparent in this figure, but so are vertical matrix cracks and complex
crack patterns at other angles. For the purposes of analysis, the secondary
cracks were assumed to be of less importance than the 90° cracks because
these vertical type cracks did not appear to extend significantly into the

coupon interior.

These comments on other forms of ma*rix cracking not withstanding, a pattern
of matrix cracks within the 90° Plies and perpendicular to the loaid
direction still was the primary form of matrix cracking. Figure 35 showed
that crack spacing, hence number of cracks per unit length, did reach an
apparent plateau in four coupons prior to failure at around 1 mm between
¢racks. The results for coupon A4 show that even if only two prior loadings
before failure were applied, the ecrack spacing was about the same. This
indicated a lack of a significant influence of the nuamber of prior loadings
on final crack spacing, an observation supported by the similarity in
stiffness of coupons subjected to and not subjected to load interruption.

Table 33 gives the fatigue life data for the (02/904)5 coupons. Like the
(0/15,‘5/02/»45/0)s ccupons, these fatigue coupons were loaded to a specific
initial strain level, based on initial monotonic mcdulus, and cycled at
constant load to fajilure. The maximum percent stiffness loss data for these
fatigue loaded coupons are given in Table 34. Stiffness losses of up to 18

percent were recorded. The detailed stiffness loss uata are tabulated in
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Figure 36:

Transverse matrix crack patterns found in Coupon A3 at
0.00975 strain.
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TABLE 33

FAILURE LIVES OF (02/904) COUPONS

COUPON ID

Al5
A20
A2l
A25

Ab

Ald
A24
A3l

A8
A9
AlO
A27

Al6

Al2
Al3
A20
A26

a = Coupon intented for fatigue fatilue, but used for residual strength

after reaching 10

STRAIN LEVEL

CYCLES TO FAILURE

0.0050

>1
>1
51

0.0060 >

>1

0.0065

0.0075
COUPONS USED rOR xES:DUAL SIRENGTH EXPERIMENTS

0.0060

0.0065

cvcles.

v

v v

v

A\

>1
>

b = Accidentally failed in tension

V14

e ol n AP G T T

445
000
000
000

692

28
253
000

74
14

164

68
30
690
35

35
000
25

000
000
000
000

»

000°
400
600
0002

200
150
960
910

430

000
000
000
000

000
000
500



Appendix C, Table C60. The dynamic stiffness losses appeared to be
generally less than the monotonic. However, as shown in Table €60 of
Appendix C, dynamic and monotonic moduli were always essentially identical.
Therefore the difference in percent stiffness losses were attributed to

changes in dynamic stiffness prior to initial recording.

The percent monotonic and dynamic stiffness loss values in Table 34 are bas-
ed upon the initial monotonic stiffness and the initial dynamic stiffness,
taken as early in fatigue life as possible, respsctively. The initial
dynamic stiffness was recorded as soon as possible because stiffness changed
rapidly early in fatigue life due to the rapid saturation of transverse mat-
rix cracking in the 90° plies. Accurate monotonic stiffness changes as rep-
resentations of the development of damage were difficult to obtain because,
as previously discussed, the stress-strain curve of this layup is essentia-
lly 1linear up to approximately C.005C strain and noticeaktly differs by
0.0065 strain. Therefore, the initial monotonic stiffnesses are values

somewhat reduced by significant prior damage.

The fatigue loading induced damage which occurred in these coupons was more
complex than that observed in the other layups of this investigation.
Detailed data are g€iven in Appendix C, Table C61. Matrix cracking consisted
of not only 900 pPly cracks which went across all 8 plies, see Figure 37, but
also of cracks (or delamination if one prefers) parallel to the 0° plies but
down the mid plane of the 90O plies. However, as in the monotonically
loaded coupons, these midplane cracks did not appear to extend very far into
the coupons. In addition there were often regions of a quite complex
pettern which contained matrix cracks (delaminations ?) of various other
angles such as previously shown in Figure 37. The edge replicates showed
that transverse matrix cracking reached an apparent saturation plateau early
in the fatigue life of the coupon, in 5 000 cycles or less. This is
illustrated in Figure 38 which shows the typical matrix crack pattern, as
found by edge replicatiorn, for coupon A6. The only difference between 5 000
and 692 000 cycles was in the length of 0/9 interface delamination and the
amount of opening of the matrix cracks.
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Figure 37:

Edge delamination regions found on (0 /90 )
50 000 fatigue cycles.
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Figure 38: Edge replicates of same location of coupon A6 fatigue

cycled at ei = 0.006.
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Enhanced x-ray phctographs revealed several interesting features of damage
development. They first confirmed that transverse matrix cracking generally
saturated by abcut 5 GO0 to 10 000 locd cycles as shown in Figure 39. The
enhanced x-ray photographs, such as that of Figure 39, required higher
magnification examination to see this saturation because the width of the
transverse cracks varied significantly. Thus, for example, the region in
the photograph at 5 000 cycles in Figure 39 which appears to show few matrix
cracks was found, on closer inspection, to be essentially saturated with
very tight cracks. In other regions, the transverse cracks were much wider
and thus appear darker. Additional transverse matrix cracking did occur up

to as much as 100 000 cycles.

Another feature was the appearance and growth of longitudinal splits in the
0° plies which started awzy from the coupon edges eventually growing to the
8rip region, see Figure 39. Finally, the third damage feature was 0/90
interface delamination which started at the intersections of the 90°
transverse matrix cracks and the 0° longitudinal splits. These grew and
coalesced as the number of cycles increased, see Figures 39 to 41. The edge
stress induced delaminations only extended in the width direction of the
coupons a distance about equal to the laminate thickness. Thus, the
delaminations which grew from the intersection of the 90o matrix cracks and

0° splits were the dominant delamination mode.

Jamison and Reifsnider[4o] rather plausibly attributed the 0O° longitudinal
splitting to Poisson mismatch between the 0° and 900 plies. They also found
that the 0° splits always went completely through the 0° plies. This
phenomenon was also observed in this program because when 0° fiber fracture
occurred near the grip region, this often resulted in an entire section of a
O degree ply between splits to separate from the coupon. Finally, Jamiscn
and Re1fsn1derr4o] showed that a rather simple fracture mechanics analysis
of crack tip stresses for the 90o cracks implied that the Q° splits should

L 40

initiate at the matrix crack tips. Further, they postulated that the

stresses induced by the 0° splits and the 90o transverse cracks at an
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1 000 5 000 692 000

Figure 39: Enhanced x-ray photographs of coupon Aé showing 90° matrix
cracking, O splits, and delamination; Initial € = 0.006.
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100 000 300 000 600 000 1 000 000

Figure 40: Enhanced x-ray photographs of coupon A22 showing 90° matrix
cracking, 0 splits, and delamination; Initial € = 0.005.
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118 000 300 000 682 000 1 000 000

0
Figure 4i: Enhanced x-ray photographs of coupon A3l shtowing 90 matrix
cracking, ® splits, and delamination; Initial € = 0.006.

122



- §

")

&1

intersection shouid induce delamination, which, in fact, appeared to initiate at

those intersections.

The fracture event of these fatigue ioaded (02/904)S coupons was extremely vio-
lent, much like those fractured in monotonic tension. The 0° fibers fractured
along a 90o iine, but generally not clear across tne coupon width because of the
0° longitudinal splits. Muitiple fracture regions occurred, some near the grips
because of the 0° fiber breaks induced there. Most coupons essentially shatter-
ed without a cleariy defined faiiure zone. Notablie, numerous c® fiber fracture
regions were observed prior to coupon failure, often iong before overail coupon

fracture.

Figures 42 to 44 show piots of the transverse matrix crack spacing in the 90°
Plies versus load cycies. Since study of the enhanced x-ray photographs showed
that the 90° transverse cracks usualiy went across the coupon width, Figures 42
to 44 again indicate that matrix crack saturation occurred eariy in fatigue
iife. The saturation leveis were simiiar for each fatigue strain levei with
some decrease in crack spacing apparent as the strain ievel increased. The
range in observed spacing was more restricted than that seen under monotonic

tension load, see Tabie 35.

Normalized monotonic stiffness is piotted versus crack spacing in Figures 45 to
47 where the normalized vaiue was the initial recorded monotonic stiffness. The
data used to piot these three figures pius allowance for stiffness change on
initial loading indicate that approximately 5.5 percent of the stiffness loss at
0.0050 strain could be attributed to the development of transverse cracks in the
%0° plies. At 0.0060, approximately 6.5 percent of the observed stiffness loss
correiated to matrix cracking while at 0.0065 strain, the amount of stiffness
ioss was cioser to 7.0 percent. The differences among the strain leveis were
attrituted to the siightiy different matrix crack saturation ievels. The 0o
longitudinal matrix cracks did not appear to cause a measurable percent stiff-
ness ioss as Jamison and Reifsnider discussed 40 . Thus the remaining amount of

stiffness 1loss was attributed to delamination deveiopment either from the
intersection of the Oo 3pliits and the 90o matrix cracks or along

123

e mah . s 2. e ge. g L W -



- oex
. [
L -~z

Lok R
M

ORIG!INAL

LATY

Ceria

OF POGN

susdliey suodnod

C1

S

Y7 C
("067%0) 404 sa(ond -sa sajd

——

» 1} -
AN NI \“ \

C

_ f | | _ !
. mm K ‘o Y
. 0S00°0 :13a31
ujea3s duipen] andjiey TeFIJUT
— 11V 4103e10qET]
‘@an3jeiadwaj wooy $Judwuox jauy
- mcwm\c €L iTer19lel
- (06/70) i9jeuwe]
; . 1
] ] i t

. - N
ro/. - ¢ ) ' \a S

- s-4., 1 Vo,
\ . . ) '

ﬁ m — . _
A%
,%
W/
%

. ‘ ! : |

040070 Jo ulvkals [VETIUL Uk Ju padad
o6 U3 Ul Yupoevds yovao xjatew Ageaaay

igh 8andry

!
'
‘. (7
~ X
Z T>
T g
S .
o 52
)
R T N
s G )
£ b
Ve )
2 h “(\
-

-é



‘0900°0 jJo ujeals [eFITUL ue e Paydkd
("06/ cv 103j S3[240 *sa safd oU6 @Ul ul Bupdeds yoead xjijew aBeraay gy Ind1g

CQBRRYI*> N "S3ITJAD

angdiie] suodnod s q

gl 6 8 L 9 S ¢ ¢ 2 | %]
] | | 1 [ I T T [ [ I
- —0
— v v v qﬂﬁ — |
[ 1 M
| R4 o
- Mw z
. - |
: b O
- [ — A
S v _|S
3 ,.u \4 g & -
2 - A DR
T | S —_
2O v 8 &
6 =z
| — V 7lel @
| | 0900°0  :T3A97] uge1lg | R
W | Jujpeo] an3jied [BRIITUL — —
W [ 11y A1o3eioqen ] | W
| — ‘@injeladws] wooy JusduuCITANY —_— Mw —
~ | - m:mm\cmﬂh (TETIaIR ]
, ('0A/70) HE B : 108 411 -4 *V —
v 1 _ _ ! _ _ | [ _ | _ S
(X PR

= 4



ORIGINAL P2CH T

Mmdiie) suodnoo r.A.\:mim:v d0) 821080 *wA sa}d o

TLUO0T B URRALS UL ue e paoay
06 20 U} Bujpords Spovas Xpajew 3delaay

(RRRLRAI*> N "S3T0AC

gl 6 8

L

9 S ¥

OF POOR QUALITY

£

%

_

%
_

| | I | I T 7777 T | ]
— Vv \% J —
| N PRaS
pr——— L |
| E— q PR
— v —l
ps—— l-.ll,
1 4 3
r— $900°0 1 T9ART UTRIIg —
b dugpwol an¥iIvg [wFITuUI —
. 11y Aaojeioqe]
i ‘3aniwzadua] wooy : JUSWUOIFAUY ]
— 80Z$/00€L :TREaRIBY v
|- *("06/%0) :9IRuTWET —

| [ . ] | | | ] | ] | |

MITON—OQOONOUNTONON —@

YD cE—— g qEEae  qEmn  qg—

thh dund)y

"ONIJVdS MIVad

ww

126



Al

TABLE 35

MATRIX CRACK SPACING UNDER DIFFERENT LOADING
CONDITIORS FOR (02/904)5 COUPONS

Note: Crack spacing values given are those measured just prior to failure

or at the end of the loading condition indicated

RAHGE IN AVEBAgE

CRACK SPACIEKG OF 90

LOADIR: CONDITION

MOROTONIC TEXSION

PATIGUE
Initial = 0.0050
= 0.0060
= 0.0065

RESIDUAL STRENGTH

After Fatigue

Initial 0. 0050
0. 0060

0. 0065

Monotonic Tension
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n.67 to

1.13 to
0.91 to
0.98 to

1.13 to
1.04 to
0.98 to

.98 to

6.35

1.49
1.30

1.49
1.37
1.13

1.9y

CRACKS,
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the 90° matrix cracks. Normalized monotonic stiffness is plotted versus
cycles in Pigures 48 to 50. These figures show the gradual progression of

stiffness loss due to delamination.

In Figure 51, the maximum strain which occurred in representative fatigue
loaded coupons is plotted versus cycles. As in all of the layups of this
investigation, the strain at failure was generally 20 to 30 percent below
the average monotonic tension fajilure strain of those coupons not sudbjected
to prior fatigue loading. However, coupon A8 failed at a strain level near

to the lowest strain t, frilure recorded for a monotonic tension tests.

Coupons used for residual strength experimentation were either those which
had reached 106 cycles in prior fatigue loading or had been load cycled to
particular percentages of monotonic stiffness loss. Thus coupons A21, A22,
A25, A31, and A17 were all cycled to 106 cycles; 213, A20, A26, A11, and
A17 were intended to have between S and 7 percent stiffness loss; and A12
and A32 to have between 10 and 12 percent stiffness loss. A summary of the
residual strength data for this (02/904)3 laminate is given in Table 36.
More detailed data are given in Table 37.

The damage state within the coupons was not observed to change during the
residual strength experimentation. The average strain to failure decreased
approximately 5.5 percent below the monotonic tension strain to failure of
coupons not subjected to fatigue loading. As for the results of the other
layups, this average strain to failure was significantly above the observed
strain at failure due to fatigue loading. The strain to failure of
individual residual strength coupons did not correlate with the extent of
delamination. Therefore, as in all of the other layups, the specific
failure events which occur during fatigue were concluded not to be present
in these residual strength coupons. This conclusion was supported by the
failure of two other coupons during a monotonic stiffness survey
periodicully conducted on each fatigue coupon.
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Coupon A6 fractured at 0.0093 strain, due to an inadvertent overload, after
an 8.8 percent stiffness loss over 692 000 cycles. Thus for this coupon
apparently no damage indicative of final fracture was yet present. However,
coupon A9 fractured at a strain of 0.0065 after a 5.9 percent stiffness loss
in 14 150 cycles. Apparently, coupon A9 had been stopped during fatigue
loading with the failure causing damage present; literally the next 1load
cycle, a monotonic load survey, resulted in a fracture which occurred at a
strain of 5.5 percent below that previously reached in fatigue 1loading.
Supporting this inference, the monotonic stiffness in coupon AQ on the last
load cycle was five percent below that of the previous cycle while in coupon
A6, stiffness was essentially unchanged between the two cycles. Thus the
final fracture events in Coupon A9 clearly developed quickly, having
significant and large effects.

In the following section, the analysis of the experimental data of this
section will be discussed. Further, mathematical based models used to

represent that data are presented and evaluated.
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SECTION 3
ANALYSIS AND MATHEMATICAL MODELING

Rather extensive anaiysis of the iayups used in this and in other research
programs was undertaken. The purpose of this anaiysis was to resoive the
iaminates, observed damage states, and associatea mechanicai properties into
their essential elements so that they couid be studied criticalliy. Based
upon the anaiysis, a conceptual understanding was hypothesized as to the
nature of what transpired within a .aminate when subjected to io0ad. The
derived description was mathematica.iy modeied in order to articuiate and
define it in a more detaiied manner. Based on these mode.s, expected
stiffness, strengths, tendencies to deiaminate or matrix crack were
quantitativeiy caicuiated for some cases and compared to experimenta.
resuits. In other cases, quaiitative inferences were drawn from the modei
as to expected trends, and these were aiso compared to experimentai resuits.
From these quaiitative trends and statements of quantitative precision, a
broad range of significant inferences were drawn, which hopefui.y he.p
ciarify and bring added consistency to previousiy avaiiabie information.
The success, or .ack thereof, in deveioping mode.s proper.y representative
of the mechanics and thereby a.iowing correct inferences to be drawn was, of

course, dependent on the accuracy of the anaiysis undertaken.

In the initial part of this investigation, the computer software programs,
previous.y deveioped by Lockheed Missiies and Space Company at the Paio Aito
Research Laboratory, were improved and expanded both to further aid the task
of modeiing and to deveiop compatabiiity with NASA/Langiey computing
requirements. Subsequent to this deveiopment, computer aided modeis were
deveioped of various ideaiized damage states, the resuits of which are

detaiied in this section. In addition, thought was given towards develioping
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a faiiure criteria and, hence, was concerned with oad transfer into and
fracture criteria for the 0° piies. These anaiyticailiy based mode.s of the
isaminates, pius the experimenta..y observed damage states, were mathemati-
Caiiy represented with the aid of a VAX 11/780 computer.

The folilnwing subsections discuss the various aspects of the ana.ytica.: andg
mathematicaj modeiing effort. The first subsection presents a summary of an
anaiysis c¢f the data presented in Section 2 and those obtained previousiy

. The experimentaj cbservations are anaiyzed for the pur-
poses of se.ecting those deemed most important for mode.ing purposes. In
the second sudbsection, some of the historicaj backgroundi to the modeiing
effort of tnis study is discussed and a short summary is given of the
se.ected computationa; procedures. In the foiiowing subsections, a detaied
description of transverse matrix cracking modeiing is given aiong with
associated effects on stiffness and iocai stress concentrations. In the
next subsection, the nature of a faiiure criterion for the 0° piries is
expiored which is foiiowed by a subsection in which the resuits of three
1imensionai modeiing of deiamination are discussed. The last subsection
presents some resuits of anp investigation into strain to fai,ure under
monotnnic inad. The reiationship between these mathematicaliy based resu.its

ani the experimenta; resuits of Section 2 is discussed in Section 4.

3.1 ANALYSIS OF EXPERIMENTAL OBSERVATIONS

A najor portion of the iarge amount of avajiiabie data concerning tension
inading of graphite/epoxy iaminates ig reviewed in this subsection. A
sumary description of the state (damage) changes which occurred in each
iaminate due te 10ading is given first. This is foiiowed by a discussion of
the key experimentay observations which were seiected for mathematicai
modeiing. Finaiiy, those observations for which satisfactory modeis have

been previous.y developed are discussed as are those which remained and
required further mode; deveiopment.
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3.1.1 Experimentai Summary

Data obta:ned from experimental studies in this program and in others are
avaiiabie for a wide range of unnotched,

iaminates.

section.

deveiopment under each i0ading condition as

The dates for some of these iaminates are summarized in this

The summary inciudes both a description of the damage state

changes and strain to faiiure data.

(o)l Layup

0 Monotonic Loading

O° fiber fractures occurred before fai.ure

Stress-strain data exhibited siightiy increasing stiffness

Strein to faiiure of 0.0098 was 8 percent .ess than
(0/90/_:_45)e and (O[:}S)s iayups

Coupons essentialiiy expioded at fracture

o PFatigue loading

o° fiber fractures before faiiure
Fatigue iife scatter greater than two orders of magnitude

Strain at faiiure was 10 to 2¢ percent iess than that under
monotonic tension io0ad

0 Residual Strength

Bo stiffness change

Strain to faiiure same as monotonic tension

(0/90/245) Layup (See aiso References 59,42,43,44 and 45 for a 24-piy

version of this iayup)

0 Monotonic Loading

90° matrix cracks appeared at approximateiy O.0060 strain
and saturated at approximateiy 0.0090; +45° aatrix cracks
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appeared at approximate.y 5.5097 strain and did not
saturate; nc -45" matrix cracks; cracks at an angie up to
45" to the -~ prpllies.

Deiamination between ~4°¢/_4c interface, fo.iowed by 90/+45
and T/ interfaces; deiamination visibie on.y near edges,
not visibie by enhanced x-ray.

Stiffaess change of .ess than three percent occurred.

Average strain to fai.ur

@
.
.
R

4

N
.

c_ ; 0 . . o ..
Fracture of 77 p.ies aiong 277 direction, even *45° piies

often fractur=d in %~ direction, fracture .ncation within
zage Length.

Fatigue loaiing

Matrix crack spacine in 900, *&SO, and -450 piies saturateg
in iess than 40 perceat of fatigue 1ife; spacing in 9
piies same as under monotonic +2ad; crack spacing
saturation occurred over first 2 to % percent of stiffness
1988; cracks a% up to 4% angie to O piies.

Zhort cracks/deiamination deve.oped perpendicuiar to
transverse matrix cracks.

Je.amination started at free edge after transverse crack
saturaticn, 90/+45 interface dominant, then +45/-45 and
~ 1

579 interfaces; /+45 de.aminatisn was A143ys irreguiar
and +45/-47 interface de,aminated first.

Highiy regu.ar and reiative.y continuous stiffness ioss of
up to 1% percent occurred.

Fatizue .ife scatter apprcximateiy one order »f magnitude.
"D

No sbvious O fiver fracture observed prior to coupon
fajiure,

Strain at fai ure was 3.Wways .ess than 0.008%5. 15 to 25
percent beinw monotonic strain to faiiure.

Oo piies fractured aiong *450 i1ine, fractures within goge
iength.

Residual Strength

No significant further damage state change, siight
deiasmination area jncrease.
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No further stiffness change.

Average strain to fai.ure 0.0103, same as in monotonic
tension.

0 . Sy
Fracture of Oo piies aiong 90 direction, fracture within
gage iength.

(0/45/90/—45)284Layup (See References 7, 12 and 32)

0 Monotonic Loading

90° matrix cracks appeared By 0.0060 strain and saturated
by approximate.y 0.0090; -45" piy gracks appeared at 0.0080
and saturated at about 0.009%; +45 Piy crack aiso appeared
byOO.OO » but did not saturate; cracks at an angie up to
45" to 0 piies.

Just prior to faiiure iong deiaminations apparent on coupon
edge at ends of transverse cracks; no thuebnsai;

deiamination seen by enhanced I-ray; no deiamination found
in cross sections by microscopy.

Stiffness change of 3 to 5 percent occurred above 0.0060
strain.

Average strain to faiiure of 0.0105.

Fracture or 0° piies aiong *450 direction, fracture usuai.y
within gage iength.

o Fatigue loading

Matrix crack spacing of off-axis piries saturated eariy in
fatigue iife.

Deiamination started at free edges after transverse crack
saturation had essentialily occurred; order of deiamination
interfaces was 90/-45, 90/+45, *+45/90, -45/90, aad 0/+45

with 90/-45 and 90/+45 interface deiaminations remaining
dominant ; deiaminations grev symmetricaily from both edges.
Stiffness ioss of at ieast 7 to 15 percent.

Fatigue iife scatter approximately one order of magnitude.

No obvious 0° fiber fracture obsgerved prior to coupon
fracture.
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Strain to faiiure was aiways liess than 0.0080, 20 to 40
percent beiow monotonic strain to faiiure.

Oo piies fractured aiong a _:450 iine, fracture usuali.iy
within gage iength.

Residual Strength

No further damage state change.

No further stiffness change.

Averages strain to faiiure up to six (6) percent beiow
monotonic tension strain to faiiure; the higher the ioad

during fatigue cyciing the .iess strain to faiiure decrease
exhibited.

Practure of O° piies aiong +4S° direction, fracture usuaiiy
within gage iength.

(0/°45) Layup (See aiso keference 40)

o

Monotonic Tension

Matrix crack spacing high%; irreguiar, no actuai
saturation, more cracks in +45 iies than in -45" piies,

cracks at angie up to 45° to O  piies, cracks appeared
above 0.0045 strain ievei.

No deiamination visibie by enhanced x-ray, edge
deiamination at +45/-45 interface.

No significant stiffness change, s.ight upward trend in
stress-strain curve.

Average strain to faiiure was 0.0106.

Fracture of the 0° piies was aiong a *450 direction,
fracture usualiiy within gage iength.

o Fatigue Loading

Matrix crack spacing saturated in both ghe +45° and -450
piies, cracks were wi%sr in the -45" piies and more
discontinuous in the +45 piies; cracks often did not cross
the coupon widva untii as much as 50 percent of fatigue
iife had passed; short cracks/deiamination occurred at the
ends of the matrix cracks at the piy interface.
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Deiamination occurred primariiy at the +45/-45 interfaces
and secondariiy at the 0/+45 interfaces; *45/-45 interface
delamination as shown by enhanced X-ray was confined to a
narrow edge region which aiso contained a few 0 piy
spiits, broken 0 fibers, and even a8 compiete separation
from the interior piies; deiamination extension in the
coupon width direction occurred prior to transverse matrix
crack saturation.

Stiffness 1083 was irregular, but monotonie Stiffness

iosses of jess than 2 percent occurred, apparentiy due to
matrix cracks aione, and up to 7 percent totaj.

0° fiber breaks were commoniy observed aiong the coupon
edges and even between the edges in the outer 0 piies.

Strain to fajiiure was clways 15 to 25 percent beiow
monotonic strain to failure.

Finai fracture dispiayed 0° fibers fractured aiong a +45°
direction, fracture usuailiy within gage couron.

0 Residuai Strength

(0/45/021-45

No further damage state change.
No further stiffness change.

Average strain to faiiure of 0.0106, unchanged frop
Previous monotonic tension data.

Fracture of o° piies aiong +45° direction, fracture usuaiiy
within gage iength.

/0) Layup

0 Monotonic Tension

Matrix crack spacing highiy irreguiar, no matrix cracks in
somg coupons prior to faiiure, usuaiiy more cracks in the
-45" piies than in the +45 Piies, no ttern of gracking
émerged, cracks at ap angie of up to 45" to the O Piies,
matrix cracks apparentiy did not traverse coupon width.

Edge replicates reveaied no obvious delamination at ends of
matrix cracks, no deiamination found by enhanced x-ray.

Ko significant change in stiffness, siight upward trend in
stress-strain curve.
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- Average strain to faiiure was 0.0112.

o .
- Fracture of the Oo piies and usualiliy the -45  piies was
primariiy at +45° direction, this sometimes turned to the
90" direction, fracture iocation often infiuenced by grips.

Fatigue Loading

- Matrix crack spacing much ,ess than for monotonic ioading,
saturation never occurred, some regions had no matrix
cracks prior to coupcn fracture, many crackgs did not cross
coupon width, generaily more cracks in +45 plies than in
-45" piies.

- Edge deiamination genera..y started at the +45/0, interface
foiiowed by the 0/+45, 0_/-4%, and -45/0 inteffaces, the
iatter often did not deveiop; enhanced x-ray revealied

narrow deiamination aiong the coupon edges, these contained
a few 0 fiber spiits.

o

- O fiber fractures occurred at the coupon edges and were
occasionaiiy observed in the outer O piies away from the
edges.

- Average stiffness did not change, one to two percent random
fiuctuation in measurements occurred.

- Fatigue life scatter was in excess of two orders of
magnitude.

- Strain to faiiure was 20 to 35 percent beliow monotonic
strain to failure.

.- . . . . o
- Fracture of aii piies was predominantiy aiong a +45
direction, fracture location often infiuenced by grips.

Residual Strength
- No further damage state change.
- No stiffness change.

- Average strain to faiiure of 0.0102 was 9 to 10 percent
beiow previous monotonic tension data.

. - . - - o
- Fracture of aii piies was predominantiy aiong a +45
direction, fracture location was often infiuenced by grips.
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(0/45/Oq/-45/0)287Layup See Reference 32)

0

(o]

o]

Montonic Tensicn

Sume quaiitative response as singie symmetric form, strain
to faiiure iower because of different materiali batch.

Fatigue Loading

< - . o}
Same as singie symmetric form except for more extensive 0
fiber fracture prior to failure apd often very extensive
deiamination at iong iives (>1 x 10 cycies).

Residuai Strength

Same as singie symmetric form.

£92/901) Layup (See aiso References 40 to 46)

0 Monotonic Tension

Matrix crack spacing tended towards saturation before
fracture, but ccupon fracture sometimes occurred prior to

seturation; matrix cracking on the edges appeared more
compiex than in the interior.

Short deiaminaticns were found by edge repiication at the
end of the transverse cracks, no obvious delamination found
by enhanced x-ray alithough cracks widened as strain

increased.

Stiffness decreased up to 6 percent.

Average strain to faiiure was 0.0090, significantiy beiow
that for other iayups.

Coupons essentiglly expioded at coupon gailure, but
fracture of the O piies did occur aiong a 90" directionm.

Fatigue Loading

Trensverse matrix cracking saturated in many regions early
in fatigue iife (5 000 cycies or iess) but not in others;
the width of transverse cracks appeared to widen in thg
enhanced x-ray photographs as cycies increased; O

iongitudinai spiits developed.

0/90 &nterface delaQ}naticn grew from the intersection of
the 0”7 spiits and 90  matrix cracks; edge delamination did
not extend significantiy in the coupon width direction.
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- 0% fiber fracture occurred in iarge groups both aiong the
coupon edges and within the interior.

- Monotonic stiffness changes of up to 17 percent occurred
prior to fai.iure.

- Fatigue 1ife scatter was greater than two orders of
magni tude.

- Strain to faiiure was 20 te 30 percent beiow the average
strain to faiiure of monotonicailiy ioaded coupons.

- c - - o _..
- At faiiure, coupons essentialiiy expioded but the O  Dpiles
again fractured aiong a 9 direction.

Residuai Strength

- No further damage state change.

- No further stiffness change.

- Average strain to faiiure of 0.0089 was essentialiiy the
same as the monotonic io0ad faiiure strain; one coupon

faiied in the same strain region as that which occurred due
to fatigue io0ad.

- Coupons essentiali¥) expioded at faiiure with OO fihers
frazturing aiong 90  direction.

3.1.2 Experimental Observatious Requiring Modeling

The summary observations given in Section 3.1.1 for each of the layups were

combined to give a generai picture of the effect of tension 10ad on these

unnotched coupons. The combined summary of those observations requiring an

expianation is as foliows:

o]

Mcnotonic Loading

- Strain at which onset and saturation of matrix crackiug
occurs.

- Saturation spacing of matrix cracks.

- The fact that matrix crack saturation occurs in some
iayups, but not others.
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- Some coupons significantliy deiaminate and others do not.

- Onset of delamination.

- Change in stiffness, if it occurs, can occur with and
without large deiamination.

- Strain to fajiure, essentialiy the same for ali liayups
containing O  piies except for unidirectionai or 0/90
combinations.

- Extent of scatter.

- Fracture appearance.

0 Fatigue loading

- Matrix crack saturation occurs in some iayups, but not
others; angie of matrix cracks to O ioad direction.

- Cause of, or liack of, deiamination; nature if it occurs;
cause of its symmetry in some layups, but not in others;
onset of deiamination.

- Cause of stiffness change: oniy a few percent of the
change appears to correiate to transverse cracking; does

the rest correspond to deiamination?; no stiffness change
in some layups.

- Failure criterion: infiuence of transverse matrix

cracking, fiber fracture, and other factors; rather sudden
fracture events.

- Strain to faiiure 15 to 35 percent beiow monotonic strain
to faiiure.

-  "Runout” strain at which fatigue iife greatiy increases.
- Extent of scatter in fatigue iife.
- Fracture appearance.
- Shape of S-N curve.
0 Residual Strength

- Lack of further damage ir ail iayups.

- Lack of further stiffness change in all layups.
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- Average strain to faiiure unchanged from monotonic strain
to faiiure for many iayups, no more than a 5 to 10 percent
change in cthers; this occurs despite often extensive
damage and reduced strain to faiiure under fatigue lioading
of 15 to 30 percent beiow monotonic strai- o faiiure.

- Scatter.

- Fracture appearance.

0f the above experimental nbservations, many are presentiy understood, at
1east in principie. For exampie, the strain for onset of matrix cracking
and deiamination has been shown to be expirainabie under monotonic lioad, at
ieast for a (+25 /90_)_ iayup based upon a fracture mechanics strain energy
analysis[11’12’4§1523;s This analiysis approach wouid appear to appiy to
other layups and for fatigue 10adings, aithough the compiexity is much
greater. Therefore, this probiem was not pursued further in this program.

The tendency to edge deiaminate can aiso be approximated by anaiysis of free

r-6]
edge stressesL53 E ‘. Saturation of transverse matrix crack spacing has
been accurateiy modeied for cases without delamination usi either a shear
r - r
i i a0 39,57,58] : 148,59 .
iag anaiysis- »57, 58 or a strain energy ana.ysis" ’5“‘. However, in

deiaminated regions, at ieast some iayups exhibit an increased transverse

ynl
Lo 12
crack spacing .

The main modeiing probiems undertaken in this program were those of
expiaining stiffness changes associated with observed damage states and
deveioping a faiiure criterion for the o° fibers given a known damage state.
The stiffness probiem required anaiysis of severai different matrix cracking
and deiamination conditions and the caicuiation of the macroscopic stiffness
change associated with each condition. A faiiure criterion or criteria,
must be suitablie for expiaining the coupon strain to faiiure which occurs
under monotonic ioad, fatigue i0ad, and in residuai strength. The two
anaiysis probiems of stiffness change and faiiure criterion were, therefore,
seiected because they appeared to be the primary ones requiring further

development and wouid iead to significant insight. The remainder of Section
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3 addresses these two probienms. The resuits of the derived modeis are
compared in Section 4 to the experimental observations summarized in this

subsection.

3.2 COMPUTATIONAL PROCEDURE

Existing practices for anaiyzing stress states associated with transverse
matrix cracks generaily empioy a two dimensional laminate anaiysis and
caicuiate the stresses and strains in the individuai laminate; onset of
muitipie cracks is inferred from the caicuiated stresses or strains. The
approach has not provided a fuily satisfactory descriftion of the transverse
cracking progress. In a study by Bader, et. aj., cross-piy (0/90)s
graphite/epoxy liaminates having different 0°/90° thickness ratios were
tested under uniaxial tension. The first visibie appearance of transverse
cracks in the 90o Piy was found to occur at distinctiy different tensije
stress or tensiie strain ieveis, depending on the thickness of the 90o Piy.
In Reference 60, an energy consideration advanced eariier by Aveston and
Keiliy 61 was appiied to relate the onset of transverse cracking to the
avaiiabie energy reiease per fuily develioped crack. Their anaiysis provided
the correct trend of the threshoid-strain dependence on the 90° Piy
thickness. The piy thickness dependence of transverse strength was beliieved
to stem from the Piy interactions in the laminate. This supposition has

been welii supported by the work of Fiaggs and Kural[62 .

Piy delamination is another mode of matrix dominated faijure that invoives
Piy structural interactions in the liaminate. Causes of deiamination have
been attributed generaiiy to the existence of interiaminer stresses usuailiy
found near the free edges of the 1aminate.[53’54 However, deiaminations
can initiate internally at the intersection of transverse and iongitudinal
cracks, see Reference 40 and Section 2 of this report. Free edge stresses

are highiy localized and their 8ign and magnitude depend on the piy stacking

6
sequence{ss'5 ]; hence, some iaminates may be more prone to deiamination
than others, depending on how the piies are stacked together. 54 In
153



manner simiiar to the transverse cracking phenomenon, onset of free edge Py
deiamination is found to depend aiso on the thickness, or tie voiume of the
piy which is stressed! interiaminar.y. The characteristic of this thickness
effect is that the occurrence of p.y de.amination may be suppressed by a
deciease in the piy thickrness, or converseiy, may be enhanced by an increase

"
in the piy thickness.*11’b’-

The appiied axiai (tensiie’ stress at the onset of 4de.amination has been

shown to vary with the thickness or voiume of the piies even though the

£z
stacking sejuence in ai. cases is the same.- - The differences exhibited
"o
in the test data far both {28 /-25 /™ )  n = 1.2-'"4 and (a5 /-45 /0 /-
feol n n n’'s n n n
90n)s, n = 1,2,3 7 - laminates indicated that the threswhn.d delamination

stress depends inverseiy on the square root of the thickness cof the 900
iayer. The thickness effect o1 the threshoid stress for deiamination cannot
be adequateiy expiained by a stress anaiysis a.one. Since a stress anaiysis
wiii determine identicai stress magnitudes for each of the two previous.iy
mentionel laminate series under the same appiied axial stress, a criterion

based on the magnitude of stress wou.d necessariiy predict the same

threshe.id stress for failure.
Rodini, and ¥isemann “- used a probabi.istic argument that a laminate with
thick piies contains statistiza.ly more Jd2fects than iaminates with thin

piies. Consequently, the thicker p.y i3 iike.y %t¢ faii at a lower siress

el

ieve,. This acgrroach requires the xncwiedge of the free edge stress
1}

distributicn, whizh may become singa.ar, and the strength Qistribution of
the materia: in a unit volume. In this rega:i, Wu;ZSJ has recent.y
presented a more generai approach based on the Weibuii statisticai strength
theory which takes into acsount the effect of stress gradient near the site

of a stress concentration.

These statistical approaches are certainiy picuo.bie; and they do provide an
expianation for the thickness effect. However, the observed thickness

effect on the threshoid stress for piy deiamination and transverse cracking
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may be expiained readiiy from an energy point of view. In this view, the
actuali amcunt of strain energy trapped in the piies of the laminate and the
manner of re.ease during a crack process p:3y an important roie in the crack
initiation and growth behavior. Consequentliy, the thickness of the piies
that contain the crack constitute an important parameter in the cracking
process. Furthermore, strain energy re.ease is contro.ied at Least
partiaiiy by the structural interaction between piies during ioading of the
iaminate. Since this interaction takes i:.to account the kinematics ¢f the
crack, the energy reliease ana.ysis provides not only a criterion for crack
growth, but aiso for kinematic effects such as growth instabiiity. This
view point provides a deterministie approach invoiving the rlassicaj
fracture mechanics, rather than the statistical approach adopted in=
References 63 and 28.
I , r64] o

In a study by Rybicki, Schmuser, and Fox » the free edge deiamination
probiem was described by a crack growth anaiysis based or the energy re.ease
rate concept in ciassical fracture mechanics. The premise for anaiysis was
that interiaminar fiaws or defects existing near the piy-interface/free-edge
region cause initiation of piy deiamination whenever a certain condition is
reached. The growth of the delamination is stabie initiaiiy, i.e., the
appiied .oad must be increased in order to extend the crack. The quantity
measuring the materia. resistance against p.y delamination is the criticai
energy reiease rate, Gc' During a stabie growth process, the stressed piies
are hypcthesized to reiease strain energy when a new crack surface is
created under the appiied ioad. The rate of the availabje energy reiease
per unit crack surface, GF' can be caiculated by an eiastic stress anaiysis.
The condition GF = Gc is viewed as 1 driving force which can extend the
crack further. If GF < Gc the crack wiii remain stationary untii the
appiied ioad is increased, whereas the crack growth becomes unstabie when GF
> Gc' This anaiysis igncres, of course, the possibiiity of damage growth
under aiternating ioads.
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The avaiiabie enerzy re.ease rate, 5., is genera..y a compiicated function
r

of cracx .ocation, crack geometry, p.y stezking segquence, piy propert}es,1

. . <o ; . 65 |
piy thickness, ard appiied ,0ad. 7o calicu.ate 3, , Fyticki znd Xanninen- -

empioyei the finite element method in corjuncticn with a crack-ciosure
procedure. The main assumptions in tnis nmetnod are that edge de.amination
inve_ves on.y matrix Adominated fracture, which 1is assumed eiastic and
bri%tie, and <tnat tne crack patn 13 parai.e. to the c.iy-interface. The
numerica. procedure i1nvo.ves the introduction of s virtua. crack of known
dimension, and cempu<tation of the work done to ci.se the crack. The corcept
is an extension of Irwin's crack-cinsure integral‘60i via a finite-elienent
representation ¢f the piies. Since the work done in cissing the crack is
computed direct.y from the finite-eiement nodai force and nodai dispiacement
sciutions, the procedure bypasses the ana.ysis of the stress fieid. Hence,
the advantage of the energy approach, vis-a-vis a stress approach, is that,
for the same .eveis of accuracy, a liower order precision suffices for the
energy caicu.ation, based on the product of force and dispiacement.
Furthermore, there is no need to2 use any singuiar stress eiement formuiation
to obtain a so.ution for the noda. force and the nodai dispiacement.
r !

In this research study, the stresin energy reiease rate approach - - and
finite eliement procedures used were an extension of those deveioped by Wang

N%S

and ’Zt'ossn'xan;1 - to mode. the free edge deiaminatinn process as welili as
the transverse cracxing process in fiber reinforced -composite laminates. In
each case, 2 7ode. was formuiated on the basis of conceptua: and physicali
congiderations. For a given laminate, a non-dimeusionai, kinematicai energy
reiease rate function was identified which represented the kinematics of the
crack process in a given aminate configuration. The mechanics of cracx
initiation and growth behavior were expiained by comparing the caiculated
energy re.ease rate, based on thkz function, to the measured materia.

crack-resistance, commoniy known a3 the R-curve of the materiail.
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The development and expansion of previscusiy existing computer software to
perform the mcdeiing initiaily consisted of cggigrting the output of a
graphics pre ani post processcr cai,ed GIFTS-7 - to the input format
required by a finite e.ement prog:am cai,ed FREZVIC previous.y deveinped at
Lockheed see Appendix L for 3 detajied description). "his enabied finijite
eiement mode.s tn bhe gererated interactiveiy in the G5IFTS fFrocessor and
subsequent.y ana.yzed using FREEVIZ. The oatput »f FREEVI: was made
compatibie with the 7;[FTo postprocesscr to provide contour piotting
capabil.ity. At the teginning 7f this research program, on.y two dimensiona.
nodeliing of damage states was pos3ibie. Three 4imensionsa; modeiing was

carried out with a genersa, purpose finite eiement ~a., LIAL.

Essentiaiiy, the architecture of the GIFTS-FREEVIS interface invoives three
components. A Commani moduie, a GISTS-t4-FREEVIS modu.e which reformats the
mesh data from the GIPTS data base tc the PREEVIZ card image input fiie, and
a FREEVI3-t0-GIFTS modu,e which reformats the resuits of a FREEV'Z ana.ysis
from the FREEVIS data base t¢ the GIFTS database. The GIFTS-to-FREEVIS
modu.e is capabie of reformatting node and eiement information whi,e the
FREEVIS-t0-GIPTS moduse is capabie of reformatting eiement stresses and
atrains and noda; dispiacements. The Command modu.e provides intersctjve
control of the data reformatting, as we,. as comprelicusive data checking of
the GIFTS-t5-FREEVIS moduie, which was modified ts take advantage of the
GIFTS generated boundary conditions and materia. property data. The
creation and modification of finite e.ement mode.s and boundary conditions
was made as interactive as poszibie to permit a2 maximum fiexibiiity in
modeiing the detaiis of P+y cracking and deiamination and to provide data
output in contour piot and three-dimensionai piot formats. A detaiied
description and exampie using this highiy interactive software system is

given in Appendix D. The software system was used as a tooi to ana.yze
seiected modeis of damage.

157

. aas . L GRS . . e T



At the start of this s*tudy, severa. mcdeis of danapge states within a
. . - ; . : . . . 0o
ianinate were se.ectei from tne viewpsint of establishing bournds on the O

~

Piy stiress state. VTFigure ©2 shsws four xz and tw- ¥z section mode.s of a

quasi-izatrapiz saminate, se.ected here as  ap examp.e for purposes of
discussisn.  Tase ‘a) assumes that the antire .nai orn the .aminate is
crarried by 4re .° r.ies _us- prisr *5 fai.ure. In the absense of

signifi~ant =tress cconcentratisn effezts near %~ “ransverse cracks, this
>

model ~an te used as a iower tound estimate of iaminate strengtr {or an

- nn M b
apper bound estimatz ~f the averapge ~ t.y stress state!. Cuse “a) can be
obtained from the A"V_LAY .aminate -~ode by setting the stiffnesses 52 and 31

. ~C 2 .. . —
t3 zerd in the %7 ani 457 piies. Tases ‘b)), (¢}, sn3a ‘4 require FREEVL

O L N

for xz section anaiysis. Case {b) uses effective stiffnesses for the 9
and 450 pries basedi on the observed “*ransverse crack density and an
ana,ysis, of 52 and 612 as 3 function »f crack density /see Section 3.3.3).
Case 'c) modeis on.y the transverse cracks adjacent to the 0° piy and uses
effective stiffness for the cracked 45° piies. Case (d) modeis 90°
transverse cracks anl any surface deiaminatisn at {0/9%), (90/45), and
{45/-45) interfaczes, btut uses effective stiffness for the 5% cracked piies.
Tase [e) considers deiamination on.y withcut transyerse cracks whi.e Case
{f) considers s region of 0” fibers on the edge having spiit away.

Figure 9%a shows the difficulty in madesing hotn 960 and 450 pP+y cracks in a
xz section. Oniy at one poiwut in *he entire xz piane do both cracks .ine up
to give the crack trace in the xz piane ‘shown as the dashed section in
Figure 53b). A 450 crack cannct be directiy introduced into the xz section
because fibers in the 450 pry wouil be cut, a physicaiiy unreaiistic modei.
Furthermore, the 90O Piy crack is constrained from extending into the 45o
piy by fibers in the iatter piy which cross the 90° crack piane, except at
the one point in the yz piane where the 90 ard 450 transverse cracks

. ; . o
intersect. The modei in Figure 53b remcves the constraint on the 90 crack
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and wili seriously overestimate the effective length of the transverse crack

and its infiuence on the Oo piy stress state. This probiem for the 45°
o .

plies was soived by substructuring and "smearing” the effect of the 45 piy

P
into an average stiffness value.“sg]

If the stress/strain state in the xz plane of the 0° piy is obtained,for
example, using the mod .1s of Figure 52 (and the yz stress distribution when
edge deiamination or faiiure of the O° Piy near the edge is modeied), that
stress state can be used to consider faiiure of the 0° ply. For cases (c)
and (d) of Figure 52, the stress state in the O° Ply wiil vary with position
in the piy and certain stress components wilil approach singuiar vaiues at
the tip of the 90° piy cracks. Essentially, this procedure of anaiyzing
different damage states for the amount of jioad transferred in sume smaili

region to_the 0° piles is_the same as that previousiy discussed by
0'Brien*'] and by Ryderl 7131,

The two dimensional modeliing procedure used in this investigation resuited
in cracks in the %O iayers being exactly represented as wvelil as their
interaction with the 0° piies. The effect of cracks in the :ﬁﬁo iayers was
averaged with effective moduli because they cannot be directliy represented
using a two dimentional modei. This procedure was based upon the previousiy
mentionali concept of modeling by substructuring[sg]. Experience with
anaiyzing free-edge stresses by substructuring techniques[sg] has indicated
that the properties of all layers at least one piy away from the iayer or
interface of interest can be smeared or averaged into an effective set of
atiffnesses without aitering the caiculated stress state in the region of
interest. These results indicated that the use of crack altered effective
stiffnesses for the 45° layers was not only accurate, but often easier than
direct modeiing of transverse cracks in the 45° iayer. This technique was
thus often used in this study.
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3.3 STIFFNESS CHANGE ASSOCIATED WITH TRANSVERSE CRACKS AND DELAMINATION

In the foiiowing subsection, the modeiing effcrts undertaken to determine
stiffness changes expectei for various aspects of transverse matrix and

deliamination cracking are discussed.

3.%.1 Effective Laminate Stiffness

In this subsection, the nodeiing prob.em of determining the effective
stiffress of the N° ang 15" piies associated with nuitipie transverse
cracks is discussed as transverse crack density increases. The anaiysis was
not .imited to the “saturation” density characteristig:sz shear .Lag or
strain energy reiease rate anaiysis. Recent studiest on (1?5/90n)s
iaminates have shown crack densities in regions of deiamination which are
greater than the saturation density. The mechanics of the formation of this
high density of cracks is not sufficientiy understood ts make quantitative
‘predictions. Therefore, the density of transverse cracks found by actuai
experimentai observation was used in the anaiysis of stress redistribution

within the laminate.

A cross section of a (0/90)8, T300/5208 coupon was modejed by finite
eiements. The modeli consisted of 220 eiements and 143 nodes. A transverse
crack, without deiamination at the ends, was introduced in the 90o iayer and
finite elements were graded from a size of one quarter times the piy
thizkness near the crack to two times the piy thickness far from the crack
at an arbitrary distance, L. A uniform dispiacement was imposed to simuliate
tensiie ioading. The positicn of L was varied to determine the effect of
increased transverse crack density on the tensiie moduius of the (0/90)s
iaminate. Ratios of L/t (where t is P1y thickness) between 1 and 31 we~e
investigated for a Piy thickness of 0.13 mm (0.005 in.). This correrponded
to a transverse crack density of 1.26 to 39.4 per centime’er In the

faiiure modei, a uniform dispersion in the coupon width di~.ction at the L
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position was used to determine the in-piane shear moduius of the (0/90)s
iaminate as a function of crack density. A lLockheed deveioped iaminate
code{7o’71] caiied ADVLAM was empioyed to determine the effective E2 and G12
moduii of the 9Oe iayer needed to produce the change in stiffness consistent

with the desired modei of transverse cracking determined by the finite

eiement method.

Using the finite eiement grid shown in Figure 54 and 55, and the boundary

conditions described above, the effective iamina stiffnesses were determined
as foliows:

1. The reduced iaminate stiffngss E and G in the presence of
transverse cracks in the 90 layéi of a:¥5/90) iaminate were
determined as a function of crack density. These resuits are
shown in Figures 56 and 57.

2. ©Next, the moduii E. and G of the “cracked" 90° iayer were
reduced, and the resuiting“(0/90) iaminate stiffness E and

G were determined as a function of ieveli of reduced mgduli
XY o,
in“the 90" jayer.

3. From these anaiyses, the effective moduii E and G > of the
cracked 90° layer were piotted as a function ‘of crack density
as shown in Figures 58 and 59.

Comparison between the iaminate stiffnesses (obtained by substitution of

effecti- . moduii in the “cracked" 90° iayer) determined from the ADVLAM

point stress iaminate anaiysis and from the FREEVIS finite eiement modei
[

anaiysis showed essentiaiiy identical resuits.

The effective modu;us piots of E22 and G12 as a function of crack spacing
are presented in Figures 60 and 61. The spacing is normalized to the
thickness of the cracked piy which in this anaiysis of a (0/90)s iaminate
was twice the thickness of an individuali ply. It can be observed from
Figures 60 and 61 that for normalized crack spacings of 5 or greater (i.e.,
those typicaily observed in iaminates), the effective moduius reduction is

no moire than 20 - 30 percent from the original vaiue.
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As an exampie »f the effect nf transverse craking a,ons, =rack spacing data

from Reference ! for tensiie isaded f?/;?/?ﬂf-d‘?s iarinatas are provided in

Tabie %], ani the effective .5 and 3, modu.i for each -racked wzyer in the
1.

o <

1aminate were datervined fran igures <7 4nd A1, Tre resu.ts of the
8na.ys.is, usins the ADVLAY Laminate 2cie, f2r the Yasung's moduius of the
+8mina*2 with in,tia, ‘urcracked conditisan, an? affective moduii are
summarized In Tab.e 70, Anaiysis case 7 - Tabie <% :nciuded a study of
the effact »¢ reduc ng Poissan's ratic A€ tre ~“racked Layer from 0.3 to
ce2e Yo 3ienificant effect An the Tes1.ts wWas founi. “ase 'T aiiowed for
reluction in hotvw B and 3.. in a., non-” Layers. Such iarge
effextiva modi us redystions are cnl4 possibue for a cracx spazing, s/t,
wes8 than *, ‘over " i ~racks ver 27 mm’ whi~h was not observel in these
iaminates. Thus the experinentai.y observed crack densities can account for
omiy a 2% reduction in Voung's roduius for the '3/15/??]—45}28 iaminate.
Simiiar resuits were obtained for the cther guasi-isotropic Layups and for
the fJn/90n)s ianinates. fCase 2 jin Tabje 33 shows that the reduction in
axia. stiffness in a tension is0aded f45/—45)s iaminate on which the piy

stiresses ar2 shear iominated is Aue near.y entireiy to the reduction of 3

7

12
and is iittis infiuenced ty a reduction in the E,, term.
.

i)

~ e . - . . o _.. .
3.3.2 Effective -ransverse Modu.us of Cracked 9C  Piies vs Laminate

Stiffness
Ll rhess

Further mathematica;} AnN8.1ysis was conducted t5 see whether the reiative
stiffness of the 2onstraining piies cou.d P13y a roie in aitering the master
curves for effective transverse moduius which were presented in Section
3.3.1. The finite eiement mode, used for this anaiysis was the same as that
shown in Figures S4 and 55. The definition of arack spacing and cracked Py
thickness is evident from Figure 55, The modei enabied aneiysis of high
densities of cracks with a crack Spacing to thickness ratios (s/t) of 1 to 3
(200 to 66 cracks per 25 mm). The piy thickness was chosen as 0.13 mm
(0.005 in.) and the T300/5208 properties from previous anaiyses were dsed.
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LEARLAL ]

Observed Cracks Per

TABLE 38
DATA FOR EFFECTIVE MODULUS CALCULATIONS

Crack Spacing
Per Ply Thickness

25.4 mm (1 {n.) s/t 222
60 (90° Ply) 3.33 82
16 (+45° P1y) 12.5 %
10 (-45° p1y) 20.0 96.5

il
22
12
12

< QO m m

(]

[]

163 GPa (22.7 Msi)
10.2 GPa (1.48 Ms1)
6.48 GPa (0.94 Msi)
0.3
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TABLE 139
EFFECT OF TRANSVERSE MATRIX CRACKING ON LAMINATE MODULUS

Note: Properties from Table 38 used in this

analysis.

Case

Case 1 (0/45/90/-45)25

A.

B.
C.
D.

Uncracked
Cracks Per Table 38
Cracks and Reduced v

50% E22 and G12

Case 2 (65/-65)s

O O = »

.

Uncracked

50% G12
507 EZZ Only

50% C12 and 522

Stiffness

GPa Msi
63.20 9.156
62.08 9.004
62.05 9.000
58.85 8.535
27.67 3.288
12.09 1.754
22.53 3.268
12.05 1.748
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Percent of Original
Uncracked St{ffnecs

100
98
98
93

100
53
99
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Figure 62 shows the reiation between the (O/QO) iaminate moduius and the
spacing of transverse cracks in the 90 iayer. Flgure 63 shows a piot of
the same laminate moduius as a function of reducing the transverse moduius
of the 90° iayer. Piots simiiar to Figures 62 and 63 were generated for

(45/90)s and (90 d/90 ) iaminates.

uncracke cracked’s

By cross correiation of the pairs of piots, a master curve was prepared for
the effective trarsverse moduius of the cracked 90o layer as a function of
crack spacing for each of the three iaminates considered as shown in Figure
64. Cieariy the effective moduius of the cracked iayer is a function of the
stiffness of the uncracked constraining liayers. Figure 55 shows the
effective iaminate moduius as a function of initiai laminate moduius.
However, since most of the iaminates appiied in practice have moduii ranging
from 55 to 100 GPa {8 to 15 Msi), Figure 65 indicates that the resuits
obtained in Section 3.3.1 for the (0/90)s iaminate were indeed appropriate
for purposes of predicting the reduction in laminate stiffness. Pigures 66
and 67 provide piots of the effective transverse moduius normalized to the
initial vaiue as a function of crack spacing and crack density. The latter
piot was normaiized to the piy thickness so that it couid be used for a
variety of other iaminate configurations. The original piot of nommalized

Gys eff/G12uncracked 1s presented in Figure 68 in the same format.

3.3.3 Laminate Stiffness Change Associated With Transverse Cracks and

Delamination

As described in Sections 3.3.1 and 3.3.2, a generaliized piane strain modei
of a (0/90) iaminate was used to assess the effective moduius of the
cracked 90 layer under both normai and shear loading. A further study was
conducted to define the effective transverse and shear modulus of the
cracked layers with the additionai effect of short delaminations emanating

from the tips of the transverse pPiy cracks calied end delaminations. The
case of transverse cracks alone was calied TC and that with end

deleminations HC because the combination of a transverse crack and end
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delamination exhibits the shape of a ietter H when the coupon is heid

vertically and viewed on edge.

The presence of deiamination at the ends of the transverse matrix cracks
resuited in a dramatic change in the liocai deformation of the off-axis piy
iayer as can be seen by comparing Figure 69 to Figure 55. For modeiing
purposes, the deiamination cracks were assumed to have a iengih of one piy
thickness on each side of the transverse cracks. The reduction of curvature
on the transverse crack surface is the resuit of stress reiaxation in the
region between the two deiamination cracks which effectively unioads the
entire zone of the 90° matrix crack that iies verticaiiy between the two
deiaminations. Using the procedure described in Section 35.3.2, the
effective moduli of the HC cracked layer were determined. Figure 70 shows
the effective E22 and G12 moduii (normaiized to uncracked iayer vaiues)
versus the non:alized density of transverse cracks (expressed by the
thickress of the cracked iayer divided by the crack spacing). A significant
reduction in effective moduius occurs due to the delamination cracks (about
50% of the totai reduction).

Tabies 40 to 43 give the calicuiated reduction in laminate stiffness
asgociated with the experimentaiiy measured density of transverse cracks
found for each iaminate due to the indicated lioading condition. In the
caicuiations, the average crack densities (minimum range vaiues pius maximum
range vaiue divided by two) previousiy shown in Tabies 9, 15, 27, and 35
were used. The two valiuzs projected from the experimentai caiculations for
each liaminate are those anticipated using the moduii data in Figure 70

associated with transverse cracks oniy (TC's) and those appropriate for "H"
cracks {HC's).

Ciearliy Tabies 40 to 43 show that the combination of end deiamination and
transverse cracks resuits in significant additional stiffness ioss.
However, the calicuiations for HC cases agsumed that such delaminations

extended across the coupon width and occur at each trarsverse matrix crack.
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TABLE 40
LAMINATE STIFFNESS REDUCTION DUE TO TRANSVERSE CRACKING
In (0/90/45/-45)s LAMINATE

AVERAGE CRACK DENSITY IN PLY Ex/E (initial)
(PLY THICKNESS/SPACING) CAfCULATED
(See Table 9) FOR

LOADING CONDITION 90 45 -45 TC's HC's
MONOTONIC TENSION 0.43 0.08 0.00 0.986 0.974
FATIGUE

379 MPa 0.42 0.24 0.12 0.977 0.956

413 MPa .29 0.22 0.10 0.980 0.964

448 MPa 0.42 0.24 0.12 0.977 0.6
RESIDUAL STRENGTH

After Fatigue

at 379 MPa 0.46 0.24 0.10 0.977 0.956

Monotonic Tension 0.50 0.27 0.09 0.975 0.953
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TABLE 41

LAMINATE STIFFNESS REDUCTION DUE TO TRANSVERSE CRACKING

LOADIKG CORDITION

MONOTONIC TENSION

FATIGUE AT 483 MPa

RESIDUAL STRENGTH
fter Fatigue

at 483 MPa

Monotonic Tension

IN (0/45/-45), LAMINATE

AVERAGE CRACK DENSITY IN PLY
(PLY THICKNESS/SPACING)
(See Table 15)

45 -45

0.17 0.12

0.28 0.32

0.28 0.27

0.26 .25
187

E /E
Xca

TC's

0.982
0.964

0. 967
0.970

(initial)
ULATED
FOR

HC's

0.9%6
0.932

0.938

0.941

L&)



TABLE 42
LAMINATE STIFFNESS REDUCTION DUE TO TRANSVERSE CRACKING
IN (0/45/02/-45/0)s LAMINATE

AVERAGE CRACK DENSITY IN PLY Ex/E (initial)
(pPLY THICKNESS/SPACING) CAfCULATED
(See Table 27) FOR
LOADING CONDITION 45 -45 C's HC's
MONOTONIC TENSIOR 0.01 0.15 0. 998 0.995
FATIGUE
Initial € = ,0075 0.04 0.05 0.998 0.997
Initial € = oOOSO 0012 0.0 0'997 00995
Initial € = .0085 0.14 0.16 0.99 0.991
RESIDUAL STRENGTH
After Fatigue
€= owso 0005 000'7 0'9% 0’997
€= _,0075% 0.04 0.06 0.998 0. 997
Monotonic Tension 0.04 0.07 0.998 0.997

a = Calculated values assume that cracks fully transverse coupon width which
did not always occur especially for the monotonic tension experiments.
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TABLE 43
LAMINATE STIFFNESS REDUCTION DUE TO TRANSVERSE CRACKING
IN (02/904)s LAMINATE

«iv 8L

"ni

AVERAGE CRACK DENSITY IN PLY @x/E (initial)
(PLY THICKNESS/SPACING) ca¥curarep
(See Table 35) FOR
LOADING CONLDITION 90 TC's HC's
MONOTONIC TENSION 0.9 0.938 0.907
FATIGUE
Initial € = .0050 0.78 0.945 0.913
Initial € = ,0060 0.92 0.938  0.906
Initial € = ,0065 0.9 0.935 0.904
RESIDUAL STRENGTH
After Fatigue
Initial € = .0050 0.78 0.5 0.913
Initial € = .0060 0.84 0942 0.910
Initial € = .0065 0.9 0.935  0.904
Monotonic Tension 0.69 0.950 0.919
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For the monotonic tension experiments of the iaminates of this investiga-
tion, the across the coupon width extension of the deliaminations did not
occur. In the fatigue experiments, matrix cracks with deiamination at their
ends were not found, by cross sectioning the coupons, to generaliiy extend
across the coupon width. However, some deiaminations between the +45 piies

did extend aiong the matrix cracks for up to 1/4 of the coupon width.

Aithough small cracks transverse to the matrix cracks were observed by
Jamison and Reifsnider[4o], in this program they did not appear to form a
continuous interface network fulliy equivalent to delamination. Hence,
aithough deliamination extending from the transverse cracks does appear to at
least potentiaily increase stiffness ioss associated with matrix cracking,
;n practice such delamination was not observed in this program or in others
L12’41] to occur to any significant extent except aiong the coupon edges.
Thus the effect of deiamination emanatiug from the ends of the transverse
matrix cracks on stiffness ioss due to transverse matrix cracking was not,
in generali, expected to be liarge. However, their effect on fracture of the

] . \ e e o - . . .
0" piies is not insignificant as wilili be discussed in Section 3.4.5.

3.3.4 Effect of Deiamination on Laminate Stiffness

The amount of stiffness change associated oniy with a deiamination between
the piies, without transverse matrix cracking, can be reasonabiy estimated
using the procedure suggested by O'Brien['72 . Essentiaiiy, the procedure
caicuiates the stiffness change associated with the separation of the piies
and the io0ss of any roisson contraction type constraint. The undamaged
iaminate ctiffness, ELAH’ is first calicuiated from liaminated piate theory.
The ruie of mixtures assumption is made and the stiffness, E®, for the fully

delaminated case is calculated:
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where

]
i

Number of subliaminaies formed by the deiamination

i Laminate stiffness of the ith subiaminate

i Thickness of the ith sublaminate
In general, a iaminate is not fulliy delaminated, thus the actual stiffness,
E, is:

A
- * _ —
E = (E Elm) % * B (2)
where A is the total delaminated area and A* is the totai interfaciali area.

Using the above procedure, the maximum percent atiffness losses associated
with 100 percent deiamination in each of the iaminates were calicuiated. The
resuits are given in Tabie 44. In general, deiaminations at 90/45 or 45/-45
interfaces are associated with large stiffness losses whiie those at 0/90 or
0/45 are associated with small losses. For the quasi-isotropic iaminate,
14.0 to 18.5 percent stiffness ioss would be expected to be associatec with
various combinations of fuili delamination just due to the 10ss of a Poiszon
contraction type constraint. The 90/45 interface deiamination resuits in
the majority of the stiffness change. - The 0/90 interface deiaminations are
shown in Tabie 44 oniy for compieteness since significant deiamination was
not observed at this interface. The extent of stiffness loss associated
with the 0/90 deiaminaticn is quite smali. Notice that for the (0/145)8
iayup no more than 6.3 percent stiffness ioss couid be expected and for the
(0/45/02/-45/0)s iayup, iess than 2.5 percent stiffness loss wouid be
expected due to the full loss of Poisson contraction type constraint. For
the (02/904)s layup, the ioss in stiffness is even iess. Although the
effect of deiamination alcne on stiffness change is small for these
iaminates, when comhined witia transverse matrix cracks, a significant locai

stress concentration occurs, see Section 3.4.5.
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A8,

NOTE: Brackets between plies indicate delamination

Laminate Type

TABLE 44
STIFFNESS CHANGES ASSOCTATED WITH 100 PERCENT

DELAMINATION AND NO TRANSVERSE CRACKS

GPa

0/90/+45/-45
0/90} [45/-45
0] [90] [45/-45
0/90/45] [ -45
0/90] [45] [-45
0] [90] [45] [-45

0/45/-45
0/45] [-45
o} [45] [-45

o/45/02/-45/o
o][45/02/-45/o
0/45]{02/-45/0
ol is]o,/-45/0

01[45][02][-45/0
o] [45][0,] [-a5]l0

0,/9%
0

9.
»119%,

53.1
45.6
45.4
45.0
43.4

43.3

58.1
55.C
54.3

98.6
98.5
g7.0
96.7
%.4
9.2

52.6
52.4

Calculated
Laminate
Stiffness
Msi

7.70
6.62
6.60
6.53
6.30
6.28

8.43
7.97
7.90

14.30
14.29
14.07
14.03
13.98
13.95

TeR3

7.60
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The loss of stiffness associated with combined intrapiy delamination and
intrapiy matrix cracking is also potentiaiiy quite large. For exampie,
although the (02/904)s coupons wouid be expected to iose oniy at most 5 to 7
percent of their stiffness due to transverse cracking aione or 0.4 percent
to delamination aione, 12.3 percent wouid be associated with the conpiete
loss of load carrying capacity within the 90o piies. This wouid occur by a
combination of transverse matrix cracking and delamination which compietelry
isolated the 90° piies from both the O° piies (due to deiamination) and from
the gripped end (due to matrix cracks). Simiiariy compiete isoiation of the
*45 piies in the (0/90/45/-45/)s iaminate by deiamination between the 90/45
interfaces and matrix cracks in the :ASO plies resuits in a 30 percent
stiffness 10ss. For the (0/45/-45)s iaminate, isoiation of the -45° piies
resuits in 13 percent stiffness loss and compiete isolation of one 450 Piy
in the (0/45/02/-45/0)s iaminate resuits in a 3.9 percent ioss.

For most iaminates, such isolation of piies occurs oniy in iocaliy confined
small regions. Therefore, totaj Possibie stiffness ioss due to piy
isolation prior to failure is rareiy, if ever, observed except perhaps for
laminates iike (02/904)3' Such iocal regions of Piy isoiation aiso resuit
in large localiized increases in strain in adjacent 0° piies. This combined
mode of deiamination and transverse cracking is treated in further detaii in

Section 3.4.5 as a possibie primary 0° piy faiiure criterion.

3.3.5 Effect of Oo Spiits and Fiber Fracture on Laminate Stiffness

Two other damage modes may have an effect on iaminate stiffness. The first
of these are the spiits which occur in the Oo Piies, such as those observed
near the edges of the (0[:45)8 and (0/45/02/-45/0)s coupons and across the
coupon width in the (02/904)8 coupons. The second is that due to the
fracture of 0% fibers which was observed in both the (0/145)s and
(0/45/02/-4E/0) and especially in the (02/904)3 coupons. Jamison and

Reifsnider 40]8 caiculated the expected longitudinaj} stiffness loss
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associated with 0° Piy spiits to be at most 0.5 percent if a total joss of
trensverse stiffness in the Oo Pries is assumed and iess than 0.25 percent
with a 50 percent transverse stiffness ioss assumption. Cieariy, therefore,
the longitudinai stiffness change associated with the 0° spiits is smaiil.
As for the effect of fiber fracture on longitudinai stiffness change,

1
Jamison and Reifsnider[404

Russel [73, 74] that for even 2 one percent stiffness 1083, many more fiber

successfuiiy argued, foiioewing the work of

breaks (>100 times more) wouid be required than were actuaiiy observed in
any liaminate prior to fracture. Thus, fiber freciure was aiso conciuded to

be associated with iittie stiffness change.

There is one exception to the above conciusions. If deiamination occurs
between an outer Oo Piy and the adjacent off-axis Piy and if longitudina:i
spiits occur in the 0° piies (such as occurs in (O /90 ) coupons) then
1088 of load carrying capacity of the entire iarge sectlons of 0° fibers
wiii occur if they fracture near a gripped end. Significant stiffness ioss
wouid be expected to be associated with these fractured 0° bundies. Such
isoiated, fractured bundies of 0° fibers were, in fact, often observed in N

/
f02/904)s coupons.

3.3.6 Summary, Damage State and Stiffness Loss

In the previous five subsections, seven different damage modes were

discussed as possibiy being associated with changes in coupon stiffness.
These were:

1. Transverse matrix cracking without deiamination.

2. Interaction of reiative stiffness of constraining piies and
transverse matrix cracks without delamination.

3. Transverse matrix cracks with end deiamination.
4. Delamination between piies without transverse matrix cracking.

5. Piy isolation Adue to combined deilamination and transverse
matrix cracking.
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6. 0° piy spiitting.

T Oo fiber fracture.

Each of these damage states was associated with some change in coupon
stiffness. Tabie 45 1lists each of the damage modes (using the above
reference numbers) and the associated expected maximum amount of stiffness
change based upon the anaiyses undertaken in this program or those conducted
by other investigators which are referenced in Taoie 45. Cieariy the major
change in stiffness are anticipated to be associated with transverse matrix
cracks, deiamination and piy isolation. Potentialily, delamination emanating
from the ends of each transverse crack couid resuit in large additiona.
stiffness 1o0ss, but 3uch deiamination was never observed to any significant
extent. Ali of the remaining damage modes combined are .aticipated to be
associated with much iess than a totai of 2 percent stiffness change. The
one exception is that iarge stiffaess 10ss could be associated with fracture
of Oo fiber bundies which occurs in the (02/904)s iaminate. These anaiyti-
cally derived resuits are compared in Section 4 to the experimentai resuits

for each of the laminates.

The amount of stiffness loss associated with piy isolation can te
substantial. Such stiffness loss is due to a combination of deiamination
and transverse cracking such that, either iocaliy, or giobaliy, one or more
off-axis piies is compietely isolated from the »sther piies. In such a
state, no ioad will be carried by that region of the off-axis piy.
Therefore, the load which would have been carried by the piy is carried by
the remaining piies resuiting in a strain increase, under constant ioad
control, and an associated stiffness decrease. Stress concentration
associated with this mode of stiffness loss is discussed in detaii in
Section 3.4.5. Further discussion is delayed untili that subsection because

this type of damage mode was hypothesized to be a primary cause of Oo fiber
fracture.

(9



TABLE 45
DAMAGE MODES AND ASSOCIATED
STIFFNESS CHANGES

NOTE: All stiffness changes are decreases

Estimate of Maximum Amount

Damage Mode Of Stiffness Change, Percent
1 2 -3 in quasi-isotgopic laminates; <0.1 to 3 in lam-
inates without 90 plies; up to 8 in (02/904)s
laminate
2 Less than 1
3 <0.1 and up to 10 Adepending on laminate type
4 Maximum possible effect: Less than 0.5 and up to
18.5 for the layups of this study; highly layup and i

delaminated area dependent

5 Potentially large; from a minimum of 3.9 in the
(0/45/0,/-45/0) _ laminate to 35 in the (0/90/45/-45)
laminateé; normally occurs only locally and thus the
associated stiffness loss is generally much lower
W
5 Much less thanm 0.5°
"o
7 Much less than 1.C ,
(except if O fiber ¥ractaure of a bundle occurs as in
a (02/904)5 laminate).
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3.4 DEVELOPMENT OF 0° PLY FAILURE CRITERIA

The second major modeiing probiem was that of deveioping faiiure criteria
for the 0° piies. Essentiaiiy, the strain in these piies must increase
sufficiently for giobai fiber fracture to occcur. Severai possibie means
which may account for sufficient strain increase were considered. These

r
. 126-28
were: 1) deterministic strength theories® 6 ]; 2)

[29,30,75-77]

statisticai fiber
bundie weakness theory 3) iinear elastic fracture mechanics;
4) increased Oo piy stresses due to transverse matrix cracks, and 5) regions
of induced strain concentration becauase of piy isoiation due to combined
transverse cracks and deiamination. Each of these possibiiities is expiored

in this section.

3.4.1 Deterministic Strength Theories

Several deterministic strength theories have been proposed for composite

r
materials‘78]. These inciude the Tsai-Uu[zs], Hoffnan[z'”, maximum stress,

maximum strain criteria and other such theories‘781. Aii such theories are
fundamentaiiy simiiar, aithough they vary, of course, in the basic
assumption that is made. Recent investigators have discussed the
difficuities and severe inaccuracies that can occur in certain cases when
using the theories even for undamaged 1aminates€79]. For coupons aiready
containing matrix cracking and deliamination, such as those tested for
residuai strength, the deterministic theories are highiy inadequate as a 0°
piy faiiure criteria and thus were not reaiiy considered further. The oniy

exception was an examination of the approach of Hu[so].

80 .
Uu[ ] has introduced the concept of appiying a detemministic strength
criterion at a characteristic distance, T, from the crack tip singuiarity.
This distance is related to the criticai stress intensity factor, Kc, and

the tensile strength, X, of a uniformiy loaded sample through the equation:

2
_ 1%
rc 2\ X
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More recentiy Wa‘ has accounted for statistical variation in tensiie

strength by assuming a Weibuii strength distribution where the probabiiity

of survivai is given by:

T v mH 7oA
Py = explj]; ("7”5) Av 4)
c

Here v is the a3ampie voiume, v_ is the iimiting characteristic voiume on the

~

orjer of the sma.iest fiaw size, T, is the normaliization strength parameter,

and m is the Weibuii scatter parameter.

Introducing these concepts into the ana.ysic of strength in the presence sf
stress gradients near crack singu.arities, Wu pcstuiated a iimiting stress
gradient above which no stress gradient effect on strength can be measured.
On this basis, the 1imiting characteristic distance from the crack tip at
which the strength criterion may be appiied was ncw found t5 be dependent an

the scatter of the tensiie strength data by the equation:

me1, 2/m X
. 1f20-1/2) ng
C 5 \ ]

Ll
m+i

~~

There are three major difficuities with this determministic theory appiied in
a smaii 10ca&1 region near a transverse matrix crack tip. First, the
magnitude of stress in the piy adjacent to the crack tip is relativeliy smaii
and extends only over a smaii region, 1 to 2 fiber diameters. This fact is
discussed fuiiy in Section 2.4.4.1 and 3.4.4.27 Second, the magnitude of
the stress increase in the adjacent piy is dependent on the reiative
stiffness of the cracked and uncracked piies, see 3Section 3.4.4.3. This
resuits in quite smaii stresa concentrations in many iayups such as in 4
quasi-isotropic iayup with a crack in a 90° piy next to an uncracked 0° PLy-
Third, statisticai voiummetric arguments can be used to showL75 to 77 (see
Section 3.7) that the strength of the o fibers in such a smaii voiume

adjacent to the crack tip, as envisioned irn this 1ocai deterministic modeil,
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is 20 - 30 percent higher than the average tensiie strength vaiue for Oo
unidirectionai coupons. Aithough the stress in the 0° fibers is locaililiy
increased due to transverse cracking in an adjacent piy, the amount of
increase is considerabiy iess than 20 to 30 percent, as discussed in detaii
in Section 3.4.4. Therefore these three difficuities were used t» infer
that a deterministic strength criterion modified by statisticai
considerations for fracture of the O° piies did not appear to be reasonab.e

since fracture of the OO piies wouid not be anticipated.

3.4.2 Statisticai Fiber Bundie Theory

o . . .
A second cr’terion considered for O piy faiiure was statistical fiber bundie

theory[29’3o’75'77].

The (02/904)5 iaminates tested in fatigue tend to form
Oo p1y iongitudinai spiits which run the iength of the specimen from the top
to the bot*om grip. A cursory examination of the theory of bundie strength
was undertaken to determine whether a ioss of tensiie strength in (02/904)5
iaminates couid be attributed a combination c¢f 0/90 interface delamination
and to the numerous liongitudinai splits which occurred in the OO piies. In
this configuration the 0”? iayer is essentialiy broken up into a structure of

e . . .- o] . - .
paraiiei "n" bundie members which act as smaiier 0 tensiie specimens. The

observed number n was found tc range from 1-12 in the various (02/904)s

coupnns.

In the ana.ysis of the strength of bundies, if the weakest bund.e breaks,
the 10a1 that it carried must be transferred to the remaining unfaiied
members. If we assume that the rcnaining members share this added ioad
equaiiy, then the bundie wilii support a higher ioad L if nL/{n-1) is iess
than the strength of the second weakest member, nL(n-1+1) is iess than the
strength of the ith weakest member, . . . . . or if nlL is liess than the
strength of the strongest member, see Reference 77 for detaiis of this

’

ana,ysis.

o
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The analysis of bundle strength requires a cumulative plot of member
strength versus frequency of occurence. Discussion with Uang[31] of his
analysis using bundle theory strongiy indicated that, in general, the number
of bundles would have to be large (>100) i.e., statistically significant in
& multidirectioral laminate for a significant reduction in strength to
occur. The number of bdundles required for an effect wouid thus be much

larger than the number actually physically observed in this study.

An exception wouid, however, occur in the case of small n if the assumption

is made that the probability is high that the second weakest member wouid

break simuitaneousiy with the first, then the third, simuitaneousiy with the

second, and so on until ali bundies are broken. The probiem of bundie

strength prediction now becomes one of determining the probability that the

individuail strengths of n samples, chosen at random from a given popuiation,

wilil exceed a given vaiue. In a normally distributed popuiation one can use

the variance of the population to determine this probability. If the mean

and variance of the member strengths were identicai to the statistics for

larger coupons, this analysis could be carried out to show that the strength

of the fatigue loaded coupon wouid be expected to be less than that of a )
monotonicailiy ioaded coupon with unsplit 0o° plies. However, sufficient test “
data are not available to define the mean and variance to the accuracy 7
needed to prove this hypothesis. Even if the hypothesis is correct, there

is littie reason to assume that the split members have the same distribution
of strength as the 0° tensile coupons.

If the strength of the Oo coupons follows a Weibull strength distribution,
the smalier volume of the individual members will actualiy produce a higher
mean strength and a lower variance (higher scatter_ parameter) by the argu-
ments empioyed by Phoenix and Harlo 29'30'75-77]. If, for example, the
scatter parameter of 18.4, determined by Whitney and Knight fe' for T300/-
5208 0° tensile specimens, can be applied to both the split and unspiit 0°
layers in our tests, the strength of one member in the spiit layer is esti-

mated to be equal to the strength of the unsplit layer times the voiume
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ratio of the unsplit layer to spiit member raised to the (1/18.4) power.
For n = 10 this resuits in a member mean strength which is 13 percent higher
than the unsplit layer strength. Thus while it is possibie for a speciail
case of smail n to use bundie strength theory to anticipate a reduction of
strength in the fatigue l1oaded (02/904)3 coupons, Weibuil strength theory
indicates that this reduction wiil be partially (or more iikely fuiliy)
countered by the increase in the mean strength and reduced scatter of the

member strength.

A great deai of experimentation on OO specimens of vociume comparabie to that
of the spiit members in the iaminate would be necessary before the correct-
ness of these suppositions couid be rigorousiy confirmed. However, this
examination of bdundie theory lied to the conciusion that for small n, no
significant reduction in strength shouid occur because of the presence of
the bundies. Therefore, the theory did not appear to be adequate for pro-
viding a criterion for ¢ piy fracture in the (02/904)s coupons. The theory

was not considered for the other iaminates since 0O° splits were uncommon.

3.4.3 Appiication of Linear Eliastic Fracture Mechanics

A third criterion for Oo piy faiiure can be obtained from linear elastic
fracture mechanics. Figure 71 shows the appiication of such a criterion to
the analysis of a transverseiy cracked 90° piy in a (0/90)s iaminate. From
experimentaliy determined measurements of ilongitudinali and transverse Youngs
moduli and Mode I fracture energy, one can caicuiate the criticai size fiaw
which wouid grow unstably if the appiied stress were equai to the average

uitimate strength in both directions. These flaw sizes are obtained from
the Griffith-Irwin equation[66]:

(6)

In this exampile Gc has been reduced 50% from the experimentaily measured

value to give an examplie where the criticai flaw size is equal in both
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ORIGINAL PAGE 8
OF POOR QUALITY

WHEN IS A CRITICAL FLAW NOT CRITICAL?

‘o

90° UNIDIRECTIONAL

Egg = 11.7 GPa (1.7 Msi;

e

90 - 245 Jm2 (1.4 in. Ibiin.2)
oULT - 55 MPa (8 ksi)

C . 0.25mm (0.010 in)

3gp
G = Gg AT € - 0.0047

- ,.’-ﬂim*ﬂ' 0° HNIDIRECTIONAL

Eg - 163 GPa (23.7 Msi)
sg - 9282 Jim2 (53 in.tiin.2)

og” - 1379 MPa (200 ksi

= 0.25 mm (0.010 in.)
= Gg at € - 0.0084

c

3

G

ANSWER: WHEN IT IS FOUND IN THE LAMINATE.

e (0/90)s LAMINATE

6 - 1909 Jm2 (109 in.tbin2} < 6§
FOR € - 0.0084 AND FAILURE
AND oy 1 ~ 524 MPa (76 ksi)
G - Gc FOR € - 0.0195
n AND o = 1213 MPa (176 ksi) >> oy

vO

Figure 71: Fracture mechanics analysis of (0/90)s laminate fracture
energy.
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directions. The G valiue in the transversely cracked (0/90)s iaminate in
Figure 70 under an appiied iensiie strain equail to the uitimate strain of a
longitudinai coupon was examined by finite eiement strain energy reiease
rate analysis. As noted in the Figure, G is oniy 20% of the vaiue needed to
propagete the crack through the Oo piy. This exampie demonstrates that a
fiaw which may be criticai in the unidirectionai composite is probabliy not
critical in a muiti-directionaliy reinforced iaminate. The resuit is aiso a
strong indication that a crack in the 900 p1y wouid not reiease sufficient
energy by propagating into the OO Piy in the quasi-isotropic iaminate of
this program for fracture to occur.

This simpie fracture mechanics anaiysis for fiaw criticaiity showed that un-
stabie extension of a 90o Piy transverse matrix crack ircto the adjacent Oo
Piy is not predicted. A simiiar conciusion is reached for a crack in a 45C
Piy. In fact, such transverse matrix cracks have not been observed to un-
stabiy extend into adjacent O° piies. Therefore, the anaiytical prediction
based upon linear elastic fracture mechanics has been experimentally
confirmed. The conciusion is inferred that such fracture mechanics acaiysis
shows that a criterion for faiiure in the O° piles cannot be based upon a
supposediy unstabie extension of adjacent transverse matrix crack. Hence, a

- . . o . R .
faiiure criterion for the 0 pPiries must cleariy be based on some other

principie.

3.4.4 Piy Stresses Due to Transverse Matrix Cracks

Despite the generai conciusion of the previous subsection, transverse matrix
cracks do induce higher stresses in neighboring piies in the vicinity of the
crack tips. These stresses m.y iead to locai fiber fracture in the neigh-
boring piies along the transverse crack angie. Such inci ient fracture has
been previousiy observed 7,13,32 and weil documented(4ofi Therefure, the
magnitude of these stresses was estimated. In the modeiing procedures, the
worst possibie case was considered by assuming crack tips without short end
deiaminations which wouid reduce the stress conczntration. The reason for

the development of the short end deiaminations, in essence, a turning of the
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crack tip, has been discussed by Nair and Reifanider- « The transverse
cracks were assumed, for simpiicity, to be perpendicuiar to the Oo piy
orientation when in fact they are known to exist at angies up to 450 as
mentioned ir Section 2. The angies of the transverse cracks are a

manifestation of the preseunce of combined shear and normai p1y stresses.

. + +
3.4.4.1 Stresses in (0/90/-45)S and (O/-45)s Laminates

Using the modeiing procedures discussed in Appendix D, a contour piot of the
stress in the loading direction, Tyt of the (0/90/45/-45)3 iaminate
containing a 90° crack was obtained. In modeiing of the (0/90/+45)s
iaminate, the 012 and E22 moduii of the 450 iayers were reduced to valiues
equivaient to a crack spacing of 8 times the piy thickness, t (approximateliy
25 cracks per 25 mm). A crack in the 90o iayer at the ieft hand boundary of
the modei was introduced and a uniform dispiacement in the lio0ading

direction along a y = 8t iine was appiied, see Figure 72.

As expected, Figure 72 shows that a stress gradient exists at the tip of the
90o crack in both the Oo and 45° iayers. However, the stress concentration
found at the crack tip eiement, whose centroid is onmiy 2 - 3 fiber diamzters
from the crack tip, is only 10% above the average stress in the O0 iayer far
from the crack. Using a fracture mechanics anaiysis for arn isotropic
medium, a stress 1.7 times (see Section 3.4.4.3), the nominal vaiue wouid be
anticipated at this distance. The difference was found not to be due to
errors introduced by the coarseness of the grid near the singuiar point as
further modeling with more refined grids showed. The iack of stress
concentration caused by the 90° crack in the Oo iayer is in fact not
surprising when one considers that the O° layer carries a iongitudinai
stress approximateiy 20 times iarger than that in the 90o iayer before

fracture occurs.
For the case where the cracked Piy is much thicker, the effect of the crack

on the stresses in the adjacent plies can be much iarger. Crossman et. aji.
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o . .
thicknesses greater than 4), the 90 Piy transverse cracks can induce a

has shown for (02/9011)3 iayups that when n becomes greater than 2 (piy

. 0 ; ; . .
stress on the adjacent 0 piies over g considerably larger voiume than for
the case of a singie p.y thickness. Thus, this effect was expected to be

observed for the (02/904)5 iayup of this investigation.

5.4.4.2 45° Piy Streeses in the Vicinity of a %0° Piy

Consider now the stress state in the 450 piies in the vieinity of a 900 piy
transverse crack for the (0/90/145)8 iaminate. Figures 73 - 83 summarize
the stress state in two 45° piies of the quasi-isotropic liaminate ioaded
para.iei to the y or iongitudinai, Oo directinon, axis under a tensiie gtrain
of 0.00002¢€. Piy angies were defined with respect to the Y axis since that
was the principail i0ading direction. Figure 73 shows the finite eiement
grid in the region of interest with deformations magnified to show the
position of a 900 Piy transverse crack. Figures 77 - 78 pi2t stress
components as a function of z for three windows aiong the y axis. The
square, circie, and trianguiar symbois in certain eiements in Figure 73
indicate which czlement stresses are piotted. The region A-B-C-D identified

in Figure 73 is examined in the contour piots presented in Figures 79 - 83,

As was noted previousiy for the 0° Piy, the stress concentration in the 450
piy adjacent to the 900 Piy crack is not iarge. The norma) stress o~y, in
the element directly in front of the crack is oniy 15% higher than the
average value in the 450 piies. The in-piane sghear stress, Txy’ peaks at
oniy 10% above the average vaiue. Even these minor stress concentrations
are iocaiized in a zone iess than one quarter of a piy thickness in radius
from the tip of the crack as can be seen in Figures 74 and 7s. The 2z
components of stress are “~und to be much smaiier than the in-piane stress
components and should not contribute significantiy to enhancing the faiiure

of 45° piies in the vicinity of a 90o Piy crack.
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3.4.4.3 Stress Gradients Near a Ply Transverse Crack -- Effect of Ply
Stiffness

This subsection describes the stress anaiysis in the vicinity of a singie
piy crack within a (%)8 or (O)8 iaminate in order to assess the infiuence
of neighboring Piy stiffnesses on *he stress gradient near the crack.
Figure 84 shows the finite eiement grid in the vicinity of the piy crack
transverse to an appiied tensile lo0ad in the Y direction. Piy angies were
thus specified with respect to the y axis. Gradients in the caiculated
O, normai stress near the cracked singie Piy of a (0)8 and (90)8 laminate
are shown in PFigures 85 and 86. Eiement stresses are piotted at the
centroids of the elements, as noted in Figure 84, and presented as a
fuanction of z at several slices in the y direction in Figures 85 and 86.
The stress gradients should be compared to those found near the cracked 90°
Piy in a (0/90/45/-45) s laminate presented in Figure 87 (see Appendix D for
8 compiete analysis of this case).

Comparison of Pigures 85, 86, and 87 shows that not oniy is the peak stress
concentration infiuenced by the relative stiffness of the cracked and
uncracked piies, but the distance of significant stress svershoot abave the
nominai stress within the Piy adjacent to the crack is aiso infiuenced. The
observed peak stress concentration in Figures 85 and 86 is approximateliy 1.7
and 1.3, respectively, compared to 1.1 in the quasi-isotropic laminate of
Figure 87. Note in Figures 85, 86, and especiaily in Figure 87 that the
depth to which the stress concentration penetrates ints the adjacent piy is
at most 1/4 to 1/2 of the Piy thickness. Therefore, this stress concen-

tration at the tip of the crack is oniy affecting a reiatively smali locaj
voiume.

A caiculation was made of the stress concentration expected in an isotropic
material at the positions of the two eiement centroids closest to the cruck
tip. In order to estimate the stress concentrations at the positions of
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3.4.4.3 Stress Gradients Near a Ply Transverse Crack -- Effect of Ply
Stiffness

This subsection describes the stress anaiysis in the vicinity of a singie
Piy crack within a (90)8 or (O)8 laminate in order to assess the infiuence
of neighboring piy stiffnesses on the stress gradient near the crack.
Figure 84 shows the finite eiement grid in the vicinity of the piy crack
transverse to an appiied tensile load in the y direction. Ply angies were
thus specified with respect to the y axis. Gradients in the caiculated
oy normai stress near the cracked singie piy of a (O)8 and (90)8 laminate
are shown in PFigures 85 and £6. Element stresses are plotted at the
centroids of the elements, as noted in Figure 84, and presented as a
function of z at several slices in the y direction in Pigures 85 and 86.
The stress gradients should be compared tc those found near the cracked 90°
piy in a (0/90/45/-45)s iaminate presented in Figure 87 (see Appendix D for
a compiete analysis of this case).

Comparison of Figures 85, 86, and 87 shows that not oniy is the peak stress
concentration infiuenced by the relative stiffness of the cracked and
uncracked piies, but the distance of significant stress overshoot above the
nominai stress within the piy adjacent to the crack is aisn infiuenced. The
otserved peak stress concentration in Figures 85 and 86 is approximateliy 1.7
and 1.3, respectively, compared to 1.1 in the quasi-isotropic laminate of
Figure 87. Note in Figures 85, 86, and especiaily in Figure 87 that the
depth to which the stress concentration penetrates into the adjacent piy is
at most 1/4 to 1/2 of the piy thickness. Therefore, this stress concen-

tration at the tip of the crack is oniy affecting a reliativeiy smaii liocai
voiume.

A caicuiation was made of the stress concentration expected in an isotropic

materiai at the positions of the two eiement centroids closest to the crack
tip. In order to estimate the stress concentrations at the positions of
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: . 0 Coaes . .
the triangular eliement centroids ciosest to a X’ crack tip in an isotropic

medium, of Figure 84, consider the diagram in Figure 38, Tn tna+ figure,

260570 -

d% = = tan [1/2) (7)
o ““'/ \
¢b = 63.43° = tan 2, r=)
and,
=r, = (1/3)i/Sin 25,577 = o ous %)
r, r, (1/3)i'Sin 26,2 . e
Recaiif83] that:
Iy if?g?C°s(¢/2){1*Sin(¢/2)sin/?&’:" e
o = Ye coa(¢/2)f1+Sin(¢/2)siq’2¢/:\7
y VZ2mr E R 11)

and that for an infinite body,
Y =V&= 1,77, "12)

For a finite width specimen with width w and an imbedded zrack -f 2a and
where 2a/w = 0.5,

Y = 2.05 (see Reference 32) r13)

Therefore, for position 1 near the 90° rack,

U,
5-;1 = 0.73Y ‘14)

>~

which impiies a vaiue of 1.29 for an infinite width body and 1.43 for g !
finite width body. For position 2 near the 90° crack,

2 . 0.85Y {15)

O'yx

which resulits in a stress concentration vaiue of 1.50 for an infinite width
body and 1.74 for a finite width body.

The ocaloulated stress concentration vaiues of 1.3 to 1.7 &greed reasonabiy
well with the finite element rosuits for the homogeneous (O)8 and (90)s
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iaminates, but not for the heterogeneous (0/90/:45)8 iaminate which has
large variations in individuai piy stiffnesses. This result indicated that
the reiative stiffness of the cracked and uncracked piies must be accounted
for when properiy caicuiating stress concentratisn due to the presence of

matrix cracks.

%.4.4.4 Summary of Stress Concentration Due to Transverse Matrix Cracks

The anaiysis was undertaken to eva.uate tha infiuence of transverse crack
tips on stress concentratinn and hence, fiber fracture in ad jacent piies.

This anaiysis was undertaken bevause f ber breaks have been discerned in the
vicinity of trangverse crack tips* ’OJ and because the fracture directinn in
an outer piy is usualiiy aiong the direction of the adjacent inner piy, see
Section 2 and References 7, 13 and 32. The ana.ysis was conducted assuming
no short deiamination at the ends of the transverse -~racks. This ai.iowed a

maximum effect t5 be caizuiated.

Several interesting resuits were sbtained. First, the stress gradient at 1
transverse crack was fcunil to extend onyy a few fiber diameters intn an
adjacent piy. This ied t5 the supposition that if fiber breakage o:curs in
an adjacent piy, the region and number Af fiber fractures shouid? be sma,,
and near the transverse crack tip. Second, by fracture mechanij :s ana.ysis
the strain energy reiease rate is not sufficient tn predict the propagation
nf transverse cracks ints ad jazent CC piies. Third, the reiative stiffness
of the zracked and uncracked Piries must be taken into account. Fourth, a
crack in a singie thickness 900 PiLy causes a sma.. stress concentratinn, nf
'0 percent or .iess, in either an adjacent 9° of 450 pLy. Thus fiber
fracture in quasi-isotropic liayups wouid be anticipated ts be rare except
near coupon fracture. If a laminate has a thick 90O iayer, such as the
(02/904)3 iayup, a liarger voiume of the 0° iayer 1is affected by the
transverse cracking ieading to possibie fiber fracture. Fifth, because the
iongitudinal stiffness of the 4‘0 pPiy is h.gher than in s 0Oo PiY, a trans-
verse crack in that piy couid lead t»o greater ,oad transfer into the ad ja-
cent O piy ieading to possib.y greater O fiber fracture in adjacent piies

thar a crack in a 90 P.y.
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These conciusions must be tempered with the fact that delaminations often
exist at the end of transverse cracks, especialiy when coupons are subjected
to fatigue ioading. The presence of the deiaminations at the ends of the
transverse cracks reduces the iocal stréss concentration. However, the
anaiysis did lead to the anticipation that different layups shouid have
significantly different amounts of fiber fract. = prior to coupon faiiure.
Essentialiiy, on the basls of this anaiysis, the quasi-isotropic iaminate
wouid be anticipated to exhibit iittie fiber fracture prior to faiiur2, the
(O/;ﬁS)s iayups to have more, and the (0/45/02/-45/0)s iayups and especialiiy
the (02/904)s iayup to have considerabiy more fiber fracture. As wiii be
discussed in more detaii in Section 4 and as indicated by the resuits in
Section 2 and the study of Jamison and Reifanider[4o], this conclilusion was

weil supported experimentally.

Another possibie cause of iocai fiber fracture wouid be due to free edge
stresses. In fact Jamison and ReifsniderL4o} showed that such fiber
fracture can indeed occur in regions near transverse cracks. However, they
ais0 confirmed the work of Reifsnider, Schuite and Duke 84 that this effect
is rapidiy deminished within just a few fiber diameters from tpe free edge.

r ;
[40] showed tuat Shulte'sL84 proposal

In addition, Jamison and Reifsnider
that in-piane cracks within the Oo piies may iead to fracture is nct, in
fact, a major contributor to fiber fra-ture. n final point is that the
stresses induced by the transverse cracks in the Oo piy are not highr enough,
when acting =2ione, to resuit in the 0° piy faiiure uniess the gioba. strain
is high. Thus an additionai faiiure criterion is required for many iayups,
especiaiiy quasi-isotropic. This is discussed in t?e foliiowing $ubsection.

When fiber fracture does occur, Hariow and PhoenixL29’30’75-77J have shown
that oniy the fracture of a few fibers in a statisticaily significant
iocaiized region is necessary to precipitate the finai 0° piy fracture
event. Essentialiy this statistical concept is based upon the fact that

appiied load eventuaily induces fiber fracture in many regions throughout

226

e S - P e & T T = =




the Oo piies of an unnotched coupon. There exists, therefore, a statistical
distribution of these fiber fractures pius that of the distribation of
statisticaily weak fibers and thus the next 1ikely to faii. The statistica.
distributions of broken and weak fibers are normaiiy such that eeneral o°
piy faiiure is not liikely to occur. This remains true even when transverse
matrix cracks are present in the adjacent piies because the stress inducei
by them is smaili. However, an additional group of a few fiber fractures can
occur in a locaiized region such that now & iarge enough network of broken
fibers and weak fibers are adjacent that OO pPiy faiiure takes piace. This
additional group ¢ i‘ber fractures is said t» take piace in a statisticai.y

significant region.

3.4.5 Effect of Locai Strain Concentrations

O'Brien[41] proposed a method for assessing the strain concentration withirn
a region of Oo piies which occurs due to transverse cracking and .scai
separation of the cracked piies from neighboring piies by deiamination, as
noted previOusly[7'13]. Figure 89 iliustrates the approach as used t»
describe the strain concentration in, for exampie, a (0/90)s iaminate at a
piane cut, A-A', across a damage region as compared to a cut made in an
uncracked and undeiaminated region, B3-R'. In the anaiysis of the modei
shown in Figure 89, the iocai damage was assumed t5 be constant across the
width. The strain concentration causes the stresses in the uncracked piies
to be higher than those in the undamaged regions, but does not taken intn
account any highiy iocaiized stress concentration due tn the tip of the
transverse crack. This assumption is consistent with eariier ana.iysis (see
Section 3.4.4) which showed that the crack tip stress fieid was highiy
iocaiized in a zone oniy one or two fiber diameters from the interface and
faiiure anaiysis of this smaii region would have to proceed from a discrete
modei of individual fibers. Further, 4« statistical anaiysis of the strength
in these localiy smaii regions is examined in Section 3.6. The locai
strength of these smaii regions was found to be greater than the stress

introduced by the transverse crack at distances gre.ter than one fiber
diameter.
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O'Brien[41] appiied the modeiing technique to a (+45/—-45/O/9O)s iaminate.
Figure 90 shows the thecretica.ly possibie types of delaminations and the
regions seiected for modeliing. Notice in Figure 90, the two types of
deiamination previousiy discussed. The "thumbnaii" type of delamiration at
the 0/90 interface is of iarge area. This type of deiamination may or may
not cause significant stiffness joss depending on the interface. In this
particuiar laminate, the 0/90 interface deiamination is not assocjiated with
any strain concentration. Aiso shown in Figure 90 are a few +45/-45
interface delaminations which cause ijittie stiffness loss bLecause of their
reiative rarity, but are associated with iarge strain concentrations. In
Figure 91, 2 rather straight forward, free bndy type modeiing ana.ysis is
shown for the different seiected deiamination regions. The resuits of the
anaiysis are given in Figure 92 which shows that the iocal strain does, at
ieast anaiytically, increase as the severity of damage increased for this
iayup. Therefore, this proposal that at ieast one major contributor to 0°
piy failure is due to the local strain concentration because of combined

matrix cracking and delamination was further expiored.

To alliow for a correiation to be made of experimentaily measured and
anaiyticaily modeied static and fatigue faiiure strains of the iaminates
evaiuated in this study, a series of iaminate stiffness anaiyses were
conducted. The resuits were used to obtain the necessary stiffness and
uncracked piy thicknesses needed to caicuiate the strain concentration
factors for a specifi- iaminate damage state. These liaminate anaiyses were
chosen by first categorizing the liccation of deiamination in each iaminate
in order »f appearance. In Figure 93, deiaminatior locations and order »f
appearance are indicated for several iaminates. Aithough the deiamination
at the +45/-45 interface in the (0/90[145)3 iaminate occurred first, the

90/+45 deiamination quickiy became dominant, as discussed in Section 2.2.

For certain combinations of various possibie deiaminations and transverse

matrix cracks of Figure 93, locai regions of strain concentration within the
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Oo plies can occur. For exampie, consider Figure 94 Case A for the (0/90/-

:45)8 iayup. The state of matrix cracking aione is associated with oniy a
few percent stiffness i0ss, and oniy & smal: strain ircrease, due to the
matrix cracks, see Section 3.3.1. There wiil aiso be a smaii iocal strain
concentration in the piies adjacent to the transverse matrix cracks because
of the induced stresses at the crack tips. In Case B of Figure 94, further
stiffness loss will be associated with the development of deiamination, but
no iarge iocal strain concentration occurs. In fact, the iocai strain may
be decreased because of crack tip biunting due to the presence of the delam-
inations. 1In Case C, however, the presence of matrix cracks with delamina-
tions on either side resulites in local stress concentrations, Section AA';
and even an entire region being unabie to carry lioad, specifically the cross
hatched :450 piies in Section BB'. The ioad in these piies is localiy trans-
fered into the 0° and 90° piies resuiting in iarge locali 0° Piy strain in-
creases as simpie free body modeiing of the cuts, simiiar to that shown in
Figures 89 to 91, easiiy lemonstrates. Figure 95 summarizes the influence
of the two different types of strain concentration, that due to matrix

cracking alone and that due to combined matrix cracking and deiamination.

As previousiy mentioned in Section 3.3.%5, if such combinations of transverse
cracking and deiamination occurred end-to-end and side-to-side within a cou-
pon, the off-axis piies wouid be totaily isolated from the externalily
appiied .oad. Stiffness .ioss wouid occur, very iarge in some iayups, and
the stress in the 0O° piies wouid increase. For exampie, in the 8 piy quasi-
isotropic iayup, a 43 percent stiffness ioss, and hence 43 percent strain
increase in the 0° pPiles, wouid be associated with compiete loss of .i0ad
carrying capacity in the :450 piies due to their isciation. If such pPLiy
isniation occurs iocally, due to the presence of a liocai, smail region of
combined delaminations and matrix cracks, such as at Sections AA' and BB' in
Figure 94, significant strain increases in the O0 piies wouid occur 1ocally
and wouid be associated with some measurabie giobali stiffness decrease.
This locai region of strain increase is of great interest as a proposed 0°

piy failure criterion if strains can be 10cally increased enough to resuit

L Y
in _ocai O fiber fracture.
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The case of iocai ioad transfer to the outer 0° piies which occurs for the
(0/90/_:_45)s quasi-isotropic iaminate of this study is simiiar to the perhaps
more subtie case of Figure 90 for the (:_45/0/90)s iaminate. In that case,
transverse cracks in the outer +45° pisies which deveinp a short de.amination
aiong the transverse crack in the +45/-45 interface 1ead directiy to a large
strain increase because the icad carrying capabiiity of the outer +45 piies
is immediateliy iocaiiy removed. A similar situation occurs in the
(0/90/145)- sgyup when deiamination deveinsps at both +45/-45 interfaces and
there are zransverse cracks in the 900 piies, sez Section AA' o5f Figure 94.
The key point is that any combination of deiamination and traasverse matrix
cracking that Locaily isoiates one nr more pries must be assocjated with
iocai stress/strain increases in adjacent piies and in gi0bal stiffness
i088. This piy isolation is potentiaiiy of large importance for under-
standing the mechanical response of these laminated composites. For deiam-
ination emanating from the transverse matrix cracks across the coupon width,
associated giobai stiffness ioss was shown in Sectinn 3.5.4 *o be smaii
because such deiamination does not generaiiy occur. However, as show~ in

this section, local stress concentration is potentiai.y quite large.

The strain concentrations which couid occur in the Oo piies, due *» piy
isoiation associated with combined deiamination and transverse metrix
cracking, were determined for each of the iaminates of this study. 4 tabje
of iaminate moduii was constructed using ADVLAM analysis code, the resu.ts
of which are shown in Tabie 46. Two cases were run for each iaminate. The
first anaiysis put the PLy group into a symmetric iayup and the moduius

associated with this anaiysis is .abeied E The second anaiysis

considered just the group of piies indicated %ﬂfy:olumn one under uniaxia:
strain as in the first case, but aiso aiiowed for a non-zero curvature about
the y axis such that Ky = 0. This extra degree of freedom corresponded tn
the warping up of deiamination regions at the free edge and represented a
iower bound on the constraint of neighboring piies in inhibiting warping.
The actual warping of this deiamination regicn will vary as a function of

position and ije between the two extremes that are given in Tabie 45.
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Figure 96 shows the geometry of the stacking sequence in the analiysis and

the convention used in defining the sign of the Ky curvature.

Except for the (0/90/45/-45) grouping, the inciusion of Ky warping had arn
insignificant effect on the tensiie moduius of the laminate. Given the
assumption of damage extending eveniy across the width of the iaminate, the
asymmetry of the group and its infiuence on the tensiie moduius roud
effectiveiy be ignored in further anaiyses. However, for many damage states

r ~
such warping becomes significant and thus cannot be ignored.- """ 7~

Tabie 47 presents the strain concentration factors for different types of
pPiy 1isoiation in each of the iaminates studied in this investigation,
assuming no warping. The associated strain concentrations, or inverseiy,
stiffness decrease ratins, occur 1ocaiiy and have ginbal effects which
depend on the extent of p.y isoiation. Some of the piy isniation states in
Tabie 47 were not nbserved in the iaminate stacking sequences studied, but
are jinciuded here for compieteness. Note that information on the strain
concentration factors of f0/90/45/-45)s and (45/-45/0/90)s iaminates is
found in the same set »f anaiyses because of the independence of the tensiie
moduius caiczuiations from stacking sequences. in the tablie a box drawn
around a piy or a group of piies indi_ates the iocai ioss of these piies du~
to a combination of transverse cracking and deiaminatinn, such as in Figure

39, 90, or %4c, where incaliy a group of Fiies are isniated.

The resuits of the strain :oncentratisn factor ana.ysis given in Tabie 47,
were used in jnfer that piy isnliation was another primary criterion for 0°
piy faiiure. The resuits showed that as matrix cracking and deiaminatin-
deveioped, strain in the 0 piies wou.d increase in liocai regions adjacent
to the matrix cracking and deiamination. Thus the hypothesis was made that

when the local strain exceeded the strain capacity of the fibers, incai O

piy fracture wcuid occur and the reduced number of 10ad carrying fibers

wouid iead to coupon fracture.

239

o M AP > & T o

e 2 s mEA s . s o
R B B =

W¥)

\



'SISATVNY NOLLVHLNIINOD NIVHLS BOJ 3univAund A ONV AHLIWOD3ID IIN3NDIS INIXIVLS 40 I1dWYXI 96 un9l4

divM ¢
/l\ 0
06
rl""' - e e ae
o Gy
- ﬂv

(G¢'/StI06/0)
NOILYNDIS30 dNOYHI ‘31dWVX3

o

240

e SES = e



TABLE 47
STRAIN CONCENTRATION FACTORS OBTAINFD BY
REMOVAL OF PLY GROUPINGS IN BOXES

Remaining Stiffness

Layup GPa (Msi) E * Thickness Strain Conc.
0/90/45/-45 53.1 (7.7) * 4 1.00
0/904¢57-45 74.12 (10.75) * 2 1.43
0/90/45/-45 137.9 (20.0) * 1 1.54
0/90/&5)/-45 55.8 (8.09) * 3 1.27
0/90/45/-45 58.1 (8.43) * 3 1.22
0/90/45/-45 76.05 (11.03) * 2 1.40
0/45/-45 58.1 (8.43) * 3 1.00
0/45/<45 76.05 (11.03) * 2 1.15
0/45/-45 137.9  (20.0) * 1 1.26
0/0/90/90/90/90 52.5 (7.63) * ¢ 1.00
0/0/90/90/90/90 137.9  (20.0) * 2 1.14
0/45/0/0/-45/0 98.6 (14.3) * ¢ 1.00
0/45/0/0/-45/0 107.6 (15.6) * 4+ 137.9

(20.0) * 1 1.04

0/45//0/0/=45/0 137.9 (20.0) * 4 1.07

0/45/90/~45/-45/90/45/0 53.1 (7.7) * 8 1.00
0/45/90/-45/-45/90/45/0 75.8 (11.0) * 2 + 46.8

'” (6.79) * 5 1.10
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the 0° piies. 1In thijs study, the conciusjion was that this shouiq pPrimariiy
occur due to two reasons. First, loca}l stress concentrations due to the
presence of the transverse matrix cracks. This shouid generaiiy be ga smaii
effect and be limited to a smaii region near the crack tip. Second, strain

o .
¢oncentration over 4 iocal region due to load transfer to the 0" piies

In the region of the hypothesized locai strain concentration, a
statlstically based increase in the strength of the o° fibers can occur.
This is due to the smaljer voiume of fibers compared to the voiume in g o°
unidirectiona; coupon as discussed in detail in Section 3.6. However, this
increase in strength is quite smaii because the voiume ratios are simi,ar.
This is ip contrast to the iarge statistically based increase in strength
which occurs at 5 transverse crack tip mentioned in Section 3.4.1. In that
case, the voiume of materiai is qujite smaii and thus js accompanied by a

18rge increase in strength as demonstrated in Section 3.6. Thus, loca;

The two Oo fiber fracture criteria, when combined, Jed to severa} conciu-
sions which are discussed jn detaii in Section 4. They constitute two of
the the primary hypothesized reasons that fajlure by 0° Piy fiber fracture
occurs. They must be combined With the fact that even in Oo unidirectiona;
iaminates, fiber fracture ang coupon faiiure oceur under fatigue ioad, sgee
Section 2.1. This begins to happen at any strain levei above approximately
O.OO?O[38 and occurs significantly above 0.0080 strain, see Figure 97. Any
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L . . A0
damage state which increases the strain in a iocai 0" piy region above a
strain of 0.0070 to 0.0080 can be expected to resuit eventuaily in 0° fiber

fracture during fatigue ioading. In essence, this is a third OO piy failiure

criterion.

The iimited fatigue data of Figure 97 are those obtained in this investiga-
tion. The study by Averbach and Hahn 58 cieariy showed that the scatter
band for 0° unidirectional data extends both vertically and horizontaily.
Thus no actual stress-strain curve was exhibited, oniy a large region, from
0.0070 - 0.0080 to approximateiy 0.0110 strain and froam O to at lieast 107
¢ycies, within which faiiure under fatigue ioad cycling can be expected.
These fatigue faiiures apparentiy occur for simiiar reasonms to those men-
tioned in Section 3.4.4. Fractures of the weakest coupons occur upon inji-
tial ioad to a strain levei above the iower bound of the fiber strength
distribution. Subsequent lio0ad cyciing fractures the next weakest fibers
untii a distribution of broken fibers exists throughout the coupsn. Even-
tuaiiy fibers fracture which form a stasticaily significant group, one that
when combined with other fiber fractures and the distribution in strength of

(29,30,75-77)
the unbroken fibers results 1in coupon fracture.

For a mulitidirectionai iaminate, the significant fracture of Oo fibers
begins if the giobal strain is above 0.0070 - 0.0080. If a large iocal
strain concentration occurs under fatigue ioading dur to combined deiamina-
tion and matrix (see Section 3.4.5) such that 0° Piy strain is above 0.0070
- 0.0080, fiber fracture begins to occur and coupon fracture must eventuate.
Similariy, if initiai giobai strains are in the 0.0070 - 0.0080 range, the
smaii iocai stress increase in the Oo piies due to transverse matrix crack-
ing can aiso lead to fiber fracture. The amount of fiber fracture in any one
smail region of the Oo piy does not apparentiy have to be iarge for faiiure
to occ.r. As mentioned for the Oo unidirectionai laminate, Hariow and

(29,30,75-77]

Phoenix* have shown that oniy 4 to 6 fiber fractures in a smail

staticaily significant iocai region are required. Thus the hypothesized
reasons for 0° piy faiiure do not impliy that regions of iarge numbers cf
broken fibers wouid generaliy be found. This fact implies that the finai
fracture events must be quite sudden.
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3.5 EXAMINATION OF THE EFFECT OF FIBER VOLUME ON FAILURE OF 0° PLIES

3.5.1 Strain-to-Failure Differences Between Unidirectional and Muiti-

directional Laminates

The strain to failure of the unidirectionai (O)4 coupons was originaily
inferred to be similar to that of the (0/90+45)_ iaminates made from the
same batch of material. This was tentativeiy conciuded because of the
concern that the lower stvain to failiure of the (O)4 layup might be due to
some unknown prior dJdamage. The correctness of this supposition was,
however, somewhat in doubt because there was some evidence that the strain
to failure of unidirectional laminates is, in fact, somewhat liower than that
for laminates containing off axis plies. Thus perhaps the observed large
variation in strain to fajilure values was due to expected scatter more than
to damaged coupons. Table 48 summarizes the strain-to-faiiure of tensiie
tested unidirectional composiies and laminates of T300/5208 in this current
program and in an earlier study conducted for the Air Force 5 . Examination
of the strain-to-failure of unidirectional composites and iaminates given in
Table 48 shows that the laminate faiiure strains can be on the order of 7 -
10% higher than the unidirectional values. The reason for this possibiiity

was further explored.

None of the laminate constructions of Tablie 48 exhibit large deliamination
development or growth under static tensiie loading. Therefore, the damage
state prior to fiber failure in the 0o pliies for the quasi-isotropic and
(O[:ﬁS)s laminates consiats oniy of transverse pliy cracks with smail de-
laminations at the matrix crack ends along the coupon edges. The liocations
and sizes of the delaninations were such that they could not cause signifi-
cant stiffness change or liocai strain concentration, see Section 3.4.3,
except veryjnear failure. Based on the resuits of the stress anaiysis

presented in Section 3.3.6, the strain concentration in the OO pPiy caused by
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the adjacent 90o transverse cracks and edge deiamination in the
(0/90/45/-45)s iaminate was probabiy sufficient to cause a siight decrease
in strain to faiiure of the 0° piy. The decrease wouid be siight because the
deveiopment of deiamination and piy isolation are confined to the coupan
eage and occcur just prior to faiiure. Further, the 90 piy matrix cracks
oniy cause a small stress increase in a quite restricted voliume. Simiiariy
cracks in the adjacent +45° piy shouid be sufficient to somewhat decrease
the 0° Piy strain to faiiure in the (0/45/90/-45)2S iaminate. For the
(0/:45)3 ianinate, strain to failure shouid be much iess affected by ioca:
sirain concentrations because piy isoliation essentiaiiy does not occur.
There should aiso be virtualiy no effect in the (0/45/0 /- 45/0‘ iaminate.
However, the effect of iocal strain concentration is quite ;arge for the
(02/904) lamlnate[sz] as previousiy discussed, see Section 3.4.4.1. Some
of the higher strain to faiiure values of the 10/45/0 / 45/0) probabiy

reflect variations in materiai batches.

The liocal strain concentrations aiong the coupon edges appears to expiain
most of the variation in strain to failure among the various muitipie axis
i1aminates. However, the differences between the unidirectionai angd
muiti-directionai laminate strain to failures remained to be expiained.

Therefore, the question was expiored as to whether residua thermal stresses

could affect unidirectional fiber strength or whether the difference wWzs8 a
manifestation of voiume dependency based on the Weibuil strength

distribution.

Tabies 49 to 51 provide information on the piy stresses in the ’0/4)/-45\

and (0/90/45/-45) laminates under unit mechanicai tensiie strain and under
a unit change in temperature. The ADVLAM laminate anaiysis program was used
to g..uerate these data. From Reference 87, the effective stress free
temperature of (0 /90 ) T300/5208 ;amlnates was determined to be 171OC
(340°F) for a test temperature of 24°% (75° F), with the appropriate
temperature change, AT, of -147 C (—265 F). Using the data in Tabje 47 for

the 0° Piy, the residuai thermai streas, ogy» in the 0° Piy was -39.8 MPa

247

*)



~me m T
CRIGINAL f’v*,;
AF PrnT LT e

TABLE 49 l

T300/5208 LAMINA PLY PROPERTIES USED IN ADVLAM ARALYSIS

E, G, ALPHA, ALPHA
MPa MPa 1020/ 1078/%
(Msi) (Msi) v (10 "/°F) (10 "/°F)
10.2 6.48 <3 -0.36 28.8

(1.48) (0.94) .3 (-.2) (16.0)
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TABLE 50
MECHANICAL STRESSES IN (0/90/45/—45)s LAMINATE UNDER AN
APPLIED TENSILE STRAIN OF € = fo%* (-6)
‘; — —_——
' Ply 5 Oy 5 Oy Oxy
._Layer _4Pax 10 psi Pa x 10 psi Pa x 10 psi
0 i 1.63 23.7  |-0.000069 | -0.001 0.0 0.0
90 . 0.093 1.354  1-0.463 f -6.720 0.0 0.0
|
45 0.400 5.806 0.232 : 3.361 | 0.269 z., 907
f
-45 0.400 5.806  0.232 | 3361 | 0.269 3,97
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TABLE 51
THERMAL STRESSES IN T300/5208 LAMINATES

T ; T 7,
Ply | x y Xy
Laminate Layer, MPa/°C psi/°F . MPa/°C psi/°F |MPa/°C  psi/°F
1 T . 7
i |
| ; ‘
| a i
(0/90/45/-45), 4 %
.0 0.271 21.8 | -0.2M -21.8 0.0 0.C
-9 ! o1t | -21.8 1 o02n| 21.8 00 00
.45 0.0 0.0 , 0.0 0.0 o0.2711  2t.8 !
. 45 0.0 oo ! 0.0 | 0.0 -0zt 218
| !
(0/45/-45) ;0 0.0779 + -6.28 : -0.24 -19.09 0.0 |  0.C
45 | 0.0300  3.141] o.118 9.544 0.338 ©  27.7 -
.45 | 0.03%0 | 3.1411 0.118 9.544 -0.338 | -27.z |
3 1+ - ~.~~“———-_J:
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(-5.78 ksi) in the (0/90/45/'45)9 iaminate and 11.5 MPa 1.66 ksi) in <he
(0/45/-45)s iaminate. The mechanical strain, 6x, needed ¢» nvercome tne
thermai stress was determined by dividing the thermal. stress bty tne =, ,
stiffness. This calcuiation gave 24: microstrain for the quasi-isotropi~
iaminate and -70 microstrain for tne (0/45/-45)s iaminate. This sma..,
strain was cieariy of littie sigrificance and was even of the wroang sign frr
the (0/45/-45)s laminate. Therefore, residuai thermali stresses 1id not

appear to cause the apparent reduction in u .idirectinnai strain *~ faj,ure.

The infiuence of fiber voiume was evaiuated. In Tabie 52, taken fram
Reference 81, the Weibuii strength distribution parameters are given for
(0)8 and (o)16 tensile specimens of T300/5208. The distritutions are
piotted in Figure 98. Note that the (O)8 coupons were stronger than the
(0)16 coupons, but had iarger scatter. A pooied scatter parameter vaiue 5¢
18.4 was determirned for these samvies, which were 229 mm 9 in.) iong and
12.7 mm (.5 in.) wide. The simpie form of the relationsnip between the
characteristic strength, S, of two tensiie specimens of different vo.umes

was described[all by the equation:

s, _<v2>1/a
= \v [PV
5, \V, S

where V1 is the volume of specimen 1, S, is the characteristic strength

1

parameter, and "a” is the scatter parameter of the Weibui: distributinn.

The giobai voiume dependence of strength for a material obeying the Weibu..
strength distribution of Figure 98 was examined to determine whether tnls
effect can account for the strain-to-faiiure differentiai of Tabie 48. For
a scatter parameter vaiue of 18.4, the previousiy mentioned voiune equation
was used to project the strength of a singie Oo piy to be 1.087 times the
strength of an (0)4 laminate ard 1.163 times that of a (O)16 izminate of tne
same liength and width. This projected increase in strength appears to

correiate weil with the observed resuits given in Tabie 48. The correiation

is aimost exact for the (0/145)8 iayup (8.7 percent versus 8.2 percent).
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TABLE 5?2
WEIBULL STRENGTH PARAMETERS FOR UNIDIRECTIONAL T3n0/5208 TENSILE TFSTS
FROM REFERENCE 87

Laminate (0)8 (0) 16
No. Tests 25 20
S(characteristic) MPa (ksi) 1786 (259) 1662 (241)
a(scatter param.)a 17.7 18.5
Mean strength MPa (ksi) 1737 (252) 1620 (235)
a = Pooled scatter param. = 18.4
252
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For the two quasi-isotropic layups, the amount of increase over their
respective (O)4 and (O)16 laminates is somewhat iess than the expected
vaiues: 5.1 percent versus a caicuiated 8.7 percent for the (O/9O/_*_45)s
iayup and 10.5 percent versus a calicuiated 16.% percent for the
(0/45/90/-45)s iayup. These differences are beiieved to be due to the
previous.y mentioned .iocal stress concentrations resuiti.g from p.y

isoiation.

The caicuiation of projected strain to faiiure, recaii, Aassumes that the
strain to faiiure of the OO piies in the muiti-directionali piy iaminates is
unaffected by any lLocali strain concentration associated with deiamination
and transverse matrix cracking. If such iocal strain concentration exists,
the strain to fajiure of the muiti-directionai piy liaminate wiii be .ess
than that anticipated baced on the unidirectionai straln to faiiure. For
the (0/45)s iaminate, iittie strain concentration occurs within the coupon
a.ong the edge and thus the projected strain to faiiure vaiue of 0.0106
correiates ciose.y to the actuai vsiue of 0.0106. For the (0/45/90/-45)s
raminate, smaii 10cai strain concentrations can occur and thus the
experimentaiiy obtained vaiue o¢f 0.0103 i3 somewhat .ower than the projected
vaiue of 0.010f. Much larger strain concen*rations occur aiong the edges of
(0/45/90/-45)2s coupons which appears to explain the experimentaiiy
determined strain to faiiure of 0.0105 compared to a projected vaiue of
0.0110. The cinse agreement between projected and actual strains to faiiure
for these layups, allowing for incal strain concentrations, appears to
support a conciusion that the strain to faiiure of 0° unidirectiona,
composites is liower than those containing off axis piies due to a
statisticai fiber voliume effect. A systematic study of liaminate strength as

. o . “ - . . <
a function of U° ply volume is cieariy required to verify this concept.

. . . R o . .

This discussica on voiume dependence of the O piy strength is not only
0

pertinent to comparing the strain-to-faiiure of O wunidirectional and

muitidirectional liaminates. Recall the 0o piy failure criterion 3 of

Section 3.4.6 was stated to be that fatigue faiiure must eventuate f giobal
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or locai strain is avobe 0.2070 - 0.0080. This strain level minimum was
based on (O)4 fatigue data. In the muitidirectional iaminates, the single
o7 piy characteristic strength is increased about 8.5 percent compared to
the (O)4 iayup because of the voiume strength relationship of Equation 16,
This relativeiy smail increase in characteristic strain-to-faiiure is one
reason for choosing 0.0080 strain as a limiting vaiue. The other reason is
that the scatter in fiber breakage increases as the characteristic strength
increases. Thus, the effect of voiume on the strain lievel appropriate faor

criterion 3 was not considered to be significant.

3.5.2 Effect of Fiber Voiume and the Infiuence of Locail Stress

Concentration

80]

In Section 3.4.1 a deterministic failure criterion[ ° for the 0° piies
which considered the stress gradient at the tip of a transverse crack was
shown to be inadequate. This concliusion was reached because aithough a
small stress concentration exists at the tip of a transverse matrix crack,
two factors reduce the effect of even the smalil increase in stress. First,
at any piace where deiamination exists at the crack tip, the iocal stress
cencentration is greatiy reduced. Second, the stress concentration on.iy
infiuences a smail voiume of the 0° piy adjacent to the crack tip. The
average strength of 0° fibers in such a smail volume is increased for the

same statisticai reasons discussed in Section 3.5.1.

The increase in characteristic strength can be calculated by using Equation
16. However, a more accurate procedure is probably preferable. The
cumuiative distribution function for the strength of a unidirectional coupon
containing n fibers in cros?7§ect%$ﬁ and having a gage iength of m times the
L - .

Ho (X)) = 1-[1-1.(x)]™ (17)
’
where i.7x) is the characteristic distribution function which depends on the

critical liength is given by

fiber strength distribution function and the iocal load redistribution rule

choser when one or several adjacent fibers fail in a copianar manner.
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Phoenix has developed a graphicai procedure for estimating the dependence of
r

. . T15]
strength on samplie voliume .

As mentioned in Sectinn %.4.1, the characteristic strength for the sma..
voiume of 0° fibers infiuenced by stress concentration at the tip of a
transverse crack is 20 to 30 percent higher than that for (3)4 coupons.
This increase is considerab.ie higher than the increase in stress
concentration especialiiy when significantiy reduced by the presence of
deiamination. Thus the effect of a transverse matrix crack on failure of
the Oo piies, criterion ! of 3ection 3.4.6, is generailiy quite smali unliess
the initial globai strain is iarge. This increase in characteristic
strength does not, however, negate the infiuence of criterion 2 of Section
3<4.6, stress concentration due to piy isolation. The reasons are: 1) The
stress concentration can be much higher for some layups; 2) the stress
concentration acts over the entire thickness of the O piy since all af the
10ad of the adjacent piies is appiied; and 3) the voiume of affected 0°

pPiles eventualliy becomes quite iarge.

3.6 THREE-DIMENSIONAL ANALYSIS OF DELAMINATION

Three dimensiona: finite eiement modeiing was conducted of several types of
deiamination in (0/90/145)8 and (:A5/0/90)s iaminates. The anaiysis was
undertaken to further examine the stress fieid in the O° piy as infiuenced
by delamination and t» study the infiuence of the tensiie gripped end tabs
on the strain energy reiease rate of the deiamination region. The strain
energy reiease rate during deiamination growth was determined for each
seiected model and the aiteration of stresses in the O° ioad carrying piy in
the presence of these deiaminations was examined. A IMSC deveioped, genera.
purpose, finite eliement code caiied DIAL was used for the anaiysis. Each
iamina was modeied with a singie layer of 20 node vrick elements which couid
be iinked or uniinked at iamina interfaces to simulate a deiamination crack.

The materiai properties used in the ansiysis were as foilows:
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E;, = 163.4 GPA (23.7 Msi)
B,y = Egy = 102 GPa (1.48 Msi)
Gyp = Gyz = 6.48 GP~ {(0.9%4 Msi)
G23 = 3,79 GPa (0.55 Msi)
12 = Y3 = 0.3C
Lés = 0.54

The coupon modei was taken as being 2.54 mm /1 in.) wide with & 50.8 mm /2.0
in.) "gage iength" aliong the z axis ioading direction. The ioad was appiied
by requiring all nodes on the top boundary of the model to dispiace by =an
amount resuiting in a strain of unity for the given gage iength. The origin
of axes was located in the liower right hand corner of the modei such that z
was the tensiie loading direction, x was in the plane of the coupon in the
width direction, and y was the through thickness direction as shown in
Figure 99. The scalloped free edge delamination was modelied by striking an
arc from a position externai to the coupon on the z=0 axis. This position
served as a reference point for the definition of ecrack opening mode
contribution in the strain energy release rate ca.cuiations. In the
free-edge delamination modeis, an attempt was made to ascertain the infiu-
ence of the proximity of the delamination to the grips by appiying z dis-
piacements to ali nodes iocated at z = 12.7 mm (0.5 in.), see the iine AA'
in Figure 99, whiie maintaining the nominal strain on the 25.4 mm ‘1 in.)

gage iength at unity. This anaiysis is referred to as the short Zage iength

resuits in the tables which foliow.

The anaiysis of strain energy reiease rate was accompiished by determining
the work done to cliose up the deiamination crack by the amount crosshatched
in the figures which wili be described, see Figure 99 for an exampie. The
work done at each node iocated on the deiamination crack front is tabuiated
individually in several accompanying tabies. The strain energy reiease rate
of a segment of the crack front area is aiso presented in the tabies. This
segment was defined by the midpoints of the iines connecting a given node on

the crack front to the two cliosest neighboring nodes on the front. The
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* AA1 is section for application
of short grip B.C.

Figure 99: Plan of (AS/—45/0/90)s Midplane Delamination Model.
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choice of crack front shape was made arbitrarily. As a resuit, the
caicuiated G's at a given location on the crack front are not uniform. They
give primarily a qualitative view of the reiative contributions of the three
crack opening modes under the assumed crack geometry. For each of tie
three-dimensionai models which were examined, the effect of the deiamination
on the distribution of ., stress /longitudinal stress) in the DO pry »f tn-
iaminate is presented. The ,r stresses were calculated at the centroid sf

<

the Oo iayer eiements and are pintted in the succeeding figures.

One shouid utiiize the quantitative information in these studies with =2
strong measure of caution. The eiements empinyed in the modeiing were
extreme.y thin compared to their inplane dimensions. This poor aspect ratio
certainly made the accuracy »of the out of piane deformation response
questionabie. However, the degree of element refinement necessary in th:
inpiane direction to be compatibie with the piy thickness dimension wou.d
make such an anaiysis prohibitively time-consuming. The anaiysis conducted
without such a compiication required appraximateiy four ‘4) hours of
computer processing time for each modei. The time and effort needed s
deveiop these models, iink or uniink nodes aiong the deiaminatison front, and
check for errors in the boundary conditions and iink conditions was n~:
triviai. The authors considered opinisan is that such detaiied nodeling and
anaiysis cannot be conducted routineiy during the design »>f compesite
components. This type of =study must nf necessity be reserved far specia.
cases (e.g. failiure anaiyses) for which a semi-quantitative insight must te

obtained in order to account for the faiiure process and tc recommeni

soiutions to the probiem.

3.6.1 Midplane Free-Edge Deliamination of (45/-45/0/90) Laminates

Figure 99 shows the plan view of the model and specifies the node pair

numbers at which the crack ciosure anaiysis was conducted. Figure 100 shows
. 0 . . .

an obiique view of the 90 jayer eiements in the unlioaded and loaded

configuration. The Mode I dominance of the deiamination crack opening is
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evident in the figure. Tabie 53 contains the noda. work done to c.ose the
deiamination crack front over the cross hatched area of Figure 99 ani Tab.e
54 lists the local strain energy reiease rate in each »f the crack segmernts.
There are few surprises in the anaiysis. The strain energy reiease rate is
Mode I dominated and peaks at nodes 266 and 280 iocated at the midpnint ani
znd of the deiamination crack. When the grip is in cioser proximity to the
delamination, the strain energy reiease rate is on the order of 52 percent
iess; accounting for the experimentaliy observed 8ca1i5p shape as the de.arm-

ination enters the specimen grip region.

In Figure 101, the distribution of iongitudinai stresses in the OO pPry is
piotted for several positions aiong the gage iength. The longitudinal
stress is seen to peak at 10 percent above the nominai vaiue at the z = C
cross-section and a* the tip of the deiamination. VNotice that the increase
in Co p1y stress is quite graduai, without dispiaying a sharp peak in stress

in the vicinity of the delamination crack tip.

3.6.2 90/45 Interface Free-Edge Delamination in a (O/90/45/—45)n Laminate

Figure 122 shows that the pian view »f this mode’ is identicai to» the
previous midpiane deliamination case. The nodes at which the work ani 3
anaiysis are calcu.ated are given in the figure. In Figure 107, the deo-
formed shapes of the 90° and 45° iayers are piotted. Local interpenetra‘inn
of the layers is evident in the figure. The distortions indicated that the
opening modes are combinations of a.i three modes. Tabies 55 and 56 present
the nodal crack cliosure work and segmenta. G's. The majority of these terns
are negative. By the sign convention empioyed in this study this is indi~a-
tive of linterpenetration of the delamination surface under tensiie icads.
Under uniaxial coupression the crack wouid open and the sign of the work

te1s wouid be positive.
The crack opening G's are dominated by Mode II shear terms and secondari.y

by Mode III crack opening instead of Mode I as in the previous model.

Intereatingiy the infiuence of grip proximity is not iarge in this mode.
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MIDPLANE DELAMINATION OF (45/-45/0/90)s LAMINATE

NODE

Long Gage Length

280
278
275
271
266

Short Gage Length

280
278
275
271
266

TABLE 53
CRACK CLOSURE WORK (J)
FOR

COMPONENT

X y

0.0 26.4
0.0 8.25
0.000473 5.07
0.00037 4.54
0.0 6.78
0.0 14.2
0.0033 18.6
Q0. 00064 4.75
0.00044 1.82
0.0 2.85
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TABLE 54
STRAIN ENERGY RELEASE
rCR
MIDPLANE CELAMINATION OF (49

SOAMTNM AN TER T
SEGMENT CENTERED

Long Gage Length

288 14.9

278 2.10
278 1,08
271 1.08
;_)_;/(‘ 1.15

RISt . ac
T 2 “1
s e
s A
.
> 4z
271 4.
ey =2
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Figure 102:

ORIG! AL .
I BC

Plan view of (0/90/45/—45)S 90/45 delamination

model.
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Figure 103:

X \Yy
.35

Oblique view of the deformed
layer elements in the (0/90/4

266

shape of the 90° and 45°
5/-&5)s delamination model.
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MIDPLANE DELAMINATION OF (0/90/45/-45)8 LAMINATE

NODE

Long Gage Llength

230
228
225
221
216

Short Gage Length

230
228
225
221
2146

TABLE 55

CRACKX CLOSURE WORK (J)
FOR

-0.328
-0.390
-0.346
-0.394
-0.248

-0.504
-0.217
-0.286
-0.376
-0.249

267

COMPONENT
y

-0.0269

-0.00273
-0.00311
-2.00587
-0.00418

-0.0125
-0.00005€
0.00316
-0.001537
-0.000593

-0.337
-0.025%
-C.013
-0.00232
-C.0

0.00943
-0.0167
0.00282
C.00124
0.0



a2 4

L)
PR o ]
‘J

TABLE 56 »
STRAIN ENERGY RELEASE RATE (J/mm“)
FOR
MIDPLANE DELAMINATION OF (0/90/45/-45)s LAMINATE

SEGMENT CENTERED ¢

ON NODE I I III
Long Gage Length

230 ~0.00151 -0.184 -0.0189

228 -0.000718 -0.103 -0.00664

225 -0.00146 -0.0851 0.00322

221 -0.00139 -0.0933 0.000550

216 ~0.00198 -0.116 0.0
Short Gage Length

230 -0.000692 -0.282 0.00557

228 -0.000018 -0.0574 -0.00443

225 0.000771 -0.0704 -0.00723

221 -0.000127 -0.089 0.000294

216 -0.000275 -0.116 0.0
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compared to the previous midpiane deiamination modei of Section 3.5.1. The
highest G's are found at node 230 on the free-edge of the coupon. In Figure
104 the distribution of longitudinal stress in the 0° piy is piotted. The
tensile stress is greatest on the z = 0 axis above the deiamination and
peaks at a vaiue 13 percent above the nominal stress in this Piy. Again the

increase in stress is graduai.

3.6.3 45/-45 Interface Free-Edge Delamination in (0/90/45/-45)3

Figure 105 shows the model, the nodes used in the G anaiysis, and the
iocation and shape of the deliamination. The crack front is paraiiei to the
z (iongitudinal) axis of the coupon. The location ¢f nodes for the short
gage iength case is along the line AA' of element boundaries skewed to the
delamination edge as shown in the figure, making this anaiysis rather
artificial. The resuits for the short gage iength case indicate a very
iarge infiuence of the grip on the ability of thic type of deiamination
crack to grow. Large gage iength resuits indicate Mode I crack opening.
The short gage iength data indicate interpenetration of the two crack fronts
under the tensiie ioading conditions. Tabjes 57 and 58 contain the nodai
work and G analysis resuits. Both Mode I and II are sigrnificant in the
growth of this delamination. The ievel of energy reiease rate for this
delaminaticn is greater than that obtained for the 90/45 interface of this
iaminate, but toth are significantiy iess then the ievel determined for the
midplane deiamination of the (45/-45/0/'90)s iaminate.

Figure 106 shows that the infiuence of this deiamination on the Oo layer was
greater than that for the other cases studied. A peak 22 percent increase
over the nominal longitudinal stress level was found to occur near the
free-edge of the coupon on the z = O aris. Notice, again, the lack of any

peak singularity stress.
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Figure 195:
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OF POOR Curly

Plau view of (0/90/45/—45)S 45/-45 delam nation model.



TABLE 57
CRACK CLOSURE WORK (J)
FOR
MIDPLANE D